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We have developed a novel method to overcome coat-imposed seed dormancy in legume plants. Seeds of Lupinus albus L. and
Trifolium pratense L. were stored in a freezer at −80∘C for a period of time and then immediately treated with or without hot water
at 90∘C for 5 seconds. Germination tests were carried out in darkness at 20±1.0∘Cwith four replications in a completely randomized
design. Final germination percentage (FGP), germination rate, and synchrony of seeds were evaluated.The results showed that new
approach of freeze-thaw scarification provided high percentage of germinations in white lupin (84.16%) and red clover (74.50%)
seeds while control seeds had FGPs of 3.3% and 26.0%, respectively. The immediate thawing of frozen seeds in hot water for 5
seconds was found not only an effective and reliable but also the quickest seed treatment method to prevail against coat-imposed
seed dormancy in legume species and may become operationally applicable to other plant species.

1. Introduction

Dormant seeds which are unable to germinate under
favourable environmental conditions remain hard and unger-
minated for a period of time [1]. However, the mechanisms of
seed dormancy are still to be elucidated and, therefore, the
classification of the different types of dormancy is entirely
based on its expression under various conditions [1–4].
The coat-imposed seed dormancy (hardseededness) is due
to either the impermeability of the coat to water and/or
gases, the mechanical prevention of radicle extension, or
the seed coat preventing inhibitory substances from leaving
the embryo or by supplying inhibitors to the embryo [5, 6].
Water impermeable testa prevents the entry of water into seed
and seed remains hard even when appropriate moisture and
temperature conditions are provided [5]. The presence of a
hard and impermeable seed coat is regarded as a widespread
cause of seed dormancy in several important legume species
such as in lentil [7], faba bean [8], common bean [9], soybean
[10, 11], cowpea [12], common vetch [13], alfalfa and clover
[14–16], and in some other important plant families such as

Geraniaceae (Pelargonium sp.) [17], Oleaceae (Fraxinus sp.)
[18], andMalvaceae (Abelmoschus sp.) [19].

Although hard seed coat improves the survival of seeds in
the soil especially in adverse environmental conditions and
helps to avoid extinction of species in nature, it may prevent
use of plant cultivars or wild-type relatives for agricultural or
breeding purposes [20, 21].There are, however, several factors
or events that reduce or partially overcome coat-imposed
seed dormancy in which the seed coat is usually disrupted
by usingmechanical or chemical applications such as nicking
or sandpaper, acid scarification, or heat treatments such as
boiling water soak [13, 22, 23]. The objective of the present
study was to develop an alternative and effective as well as
reliable seed treatment method to defeat coat-imposed seed
dormancy in Fabaceae.

2. Material and Methods

2.1. Material. Lupinus albus L. (white lupin) and Trifolium
pratense L. (red clover) seeds were used in this study.
White lupin seeds were collected from natural flora of Aksu
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(37∘3033N 36∘5343E), Kahramanmaras, Turkey, and red
clover seeds collected from natural flora of Ordu, Turkey,
were generously provided by Dr. Asci et al. [16]. White lupin
and red clover seeds were 5 and 26 months old, respectively.
Seed moisture contents of white lupin and red clover seeds
were determined as 11.1% and 10.7%, respectively, based
on dried sample mass by using moisture analyzer (MX-50,
A&D Company, Limited, Tokyo, Japan) at 200∘C as per the
manufacturer’s instructions.

2.2. Methods

2.2.1. Seed Treatments. White lupin seeds were stored in a
freezer at −80∘C for 0, 1, 2, 4, or 7 days in plastic zip lack
bags and then immediately treated with or without hot water
(HW) at 90∘C for 5 seconds. Based on the results of lupin
experiment, redclover seeds were stored in a freezer at −80∘C
for 0 or 1 day and then were immediately treated with or
without HW at 90∘C for 5 seconds.

2.2.2. Germination Test. Germination tests were carried out
in darkness in a temperature-controlled incubator held at
20 ± 1.0∘C. Seeds were placed on two layers of filter paper
moistened with 3mL of deionized water in covered 5.5 cm
glass petri dishes. Four replications of 40 and 50 seeds were
arranged in a completely randomized design for lupin and
red clover seeds, respectively. Shortage of lupin seeds forced
us to use 40 seeds per replication rather than 50 seeds as we
used in red clover. To be able to calculate rate and spread
of germination, the seeds germinated (radicle visible) were
removed from petri dishes daily until the numbers stabilized
(for 7 days). From the total number of seeds germinated, final
germination percentage (FGP), and its angular transforma-
tion (arcsine √FGP), days to 50% of FGP and days between
10% and 90% of FGP were calculated [24]. Time to 50% of
FGP (G

50
) is an inverse measure of germination rate, while

time between 10% and 90% of FGP (G
10–90) is considered to

be an estimate of the spread of germination, the inverse of
germination synchrony.

2.2.3. Data Analysis. Data were subjected to analysis of vari-
ance using SAS statistical software [25], and mean separation
was performed by Fisher’s least significant difference (LSD)
test if 𝐹 test was significant at 𝑃 < 0.05.

3. Results

The preexperimental trials, including boiling water, acid
scarification, storage of seeds in a deep freezer at −20∘C and
at −80∘C, and immersing seeds in liquid nitrogen, indicated
that white lupin seeds stored in deep freezer at −80∘C or
treatedwithHWhadpromising results compared to the other
methods tested (data not shown). Therefore, we have set a
new experiment to evaluate storage time of seeds in deep
freezer at −80∘C for 0, 1, 2, 4, or 7 days in plastic zip lack bags
and treatment of those seeds with or without HW at 90∘C for
5 seconds.
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Figure 1: The effects of various treatments on final germination
percentage of Lupinus albus L. seed germination. HW: hot water;
F1–7: storage of seed in deep freezer for 1–7 day(s); UT: untreated
control seed. Error bars indicate standard deviation (𝑛 = 4).

Table 1: Angular transformation [degree] of final germination
percentage (FGP), days to 50% of FGP (G

50

), and days between 10%
and 90% germination (G

10–90) of Lupinus albus L. seed germination
at 20∘C following various treatments.

Treatments FGP G
50

G
10–90

[Degree] (Days) (Days)
F1 only [19.83] 5.04 3.38
F2 only [20.36] 5.31 2.36
F4 only [24.09] 4.00 3.82
F7 only [21.84] 4.00 4.03
F1 + HW [66.85] 3.58 2.31
F2 + HW [65.31] 3.68 3.29
F4 + HW [62.80] 3.46 3.41
F7 + HW [70.18] 3.44 2.69
HW only [25.29] 3.10 2.82
UT [8.82] 1.50 1.05
LSD0.05 [7.29] 0.90 1.34
Significance ∗∗ ∗∗ ∗∗

∗∗Significant at 𝑃 < 0.01. HW: hot water; F1–7: storage of seeds in deep
freezer for 1–7 day(s); UT: untreated control seed.

The FGPs of this experiment were presented in Figure 1.
Speed and span of germination and angular transformation of
FGP were given in Table 1. The results revealed that all seed
treatments tested significantly improved FGP of white lupin
compared to untreated (UT) control seeds. The results also
indicated that storage of seeds in deep freezer for any given
time or seeds treated with HW only had significant effect
on germination parameters in comparison to UT control
seeds which had an FGP of 3.33%. Significant differences
were also determined between storage of seeds in deep
freezer and treatment of seeds with HW only. Seeds stored
in deep freezer only had lower FGPs than seeds treated with
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Table 2: Angular transformation [degree] of final germination
percentage (FGP), days to 50% of FGP (G

50

), and days between
10% and 90% germination (G

10–90) of Trifolium pratense L. seed
germination at 20∘C following various treatments.

Treatments FGP G
50

G
10–90

[Degree] (Days) (Days)
F1 + HW [59.72] 1.61 2.44
F1 only [37.72] 2.51 3.70
HW only [34.10] 1.63 3.08
UT [30.50] 1.94 2.55
LSD0.05 [5.16] 0.58 1.50
Significance ∗∗ ∗ ns
∗,∗∗Significant at 𝑃 < 0.05 and 𝑃 < 0.01, respectively. ns: not significant at
𝑃 < 0.05; HW: hot water; F1: storage of seeds in deep freezer for 1 day; UT:
untreated control seed.

HW per se (Table 1). Although not significantly different,
extending the storage time in deep freezer led to a progressive
increase in FGP (Figure 1). The highest FGPs (88.33% and
84.16%) were, however, obtained from seeds treatedwithHW
following storage of seeds in deep freezer for 1 or 7 days,
respectively. Germination rate and synchrony (higher G

50

and G
10–90) were worsened when seeds were stored in deep

freezer only (F1–7) compared to UT control seeds and F1–7
+ HW combination (Table 1). Seeds treated with HW only
had faster (G

50
= 3.1 days) germination rate than seeds of the

other treatments while the lowest rate of germination (G
50

= 1.5 days) was obtained from UT control seeds. Speed of
germinationwas the slowest (G

50
= 5.04 days) for seeds stored

in deep freezer for 1 day only (Table 1).
Seeds stored in deep freezer for 7 days resulted in the least

synchronous germination (G
10–90 = 4.03 days) while themost

uniform germination (G
10–90 = 1.05 days) was obtained from

UT control seeds (Table 1). The F1 + HW treatment had the
lowest number of days for germination synchrony (G

10–90 =
2.31 days) compared to the other treatments tested (Table 1).
Considering storage time and its effect on germination
parameters, immediate immersing of seeds in HW at 90∘C
for 5 seconds following storage in a deep freezer at −80∘C
for one day (F1 + HW) was not only an effective but also the
quickest seed treatment method to defeat coat-imposed seed
dormancy in white lupin compared to the other treatments.
The effectiveness of F1 + HW treatment was further tested on
red clover seeds.

The treatment of F1 + HW on red clover seeds signif-
icantly enhanced FGP and rate of germination while no
beneficial effect was determined on span of germination
compared to UT control seeds (Table 2 and Figure 1). The
highest FGP (74.5%) was obtained from seeds treated with
F1 + HW method compared to UT control seeds which
had an FGP of 26% (Figure 2). The results also indicated
that storage of red clover seeds in deep freezer at −80∘C
for 1 day (F1 only) was more effective in defeating coat-
imposed seed dormancy (37.5%) than treatment of seeds
with HW only (31.5%) (Figure 2). All the seed treatments
worsened germination rate and synchrony (higher G

50
and

G
10–90), except F1 + HW (G

50
= 1.61 days) which resulted
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Figure 2: The effects of various treatments on final germination
percentage of Trifolium pratense L. seed germination. HW: hot
water; F1: storage of seed in deep freezer for 1 day; UT: untreated
control seed. Error bars indicate standard deviation (𝑛 = 4).

in slight decrease on germination rate compared to the rest
of the treatments tested, including UT control seeds (G

50
=

1.94 days); however, this improvement was not significant
(Table 2). The treatments showed no significant effect on the
germination synchrony (Table 2).

4. Discussion

Fabaceae comprise one of the most important agricultural
taxa worldwide, providing a major source of protein for
mankind as well as animals [14, 26–29]. However, most
species of these genus seeds present coat-imposed seed
dormancy [2, 30, 31] which may cause a seed lot to germinate
overmonths or years. Although genetic factors determine the
proportion of seed coat hardnesses [10, 31], there are several
other factors such as the geographical location [32, 33], the
earliness of the seeds [11, 15], the ecological differences in
relation to temperature and relative humidity [32, 34–36], and
seed storage conditions [37, 38].

Previous reports indicated that genotypes and cultivars
of Lupinus and Trifolium species have similar seed coat
dormancy [22, 39, 40]. Studies on Lupinus species showed
that mechanical or chemical scarification is needed to obtain
uniform and rapid germination and hot water or boiling
treatments can improve germination [22]. Although scarify-
ing seeds of L. varius in sulfuric acid were found as alternative
to mechanical scarification [22], boiling and scarifying in
concentrated sulfuric acid did not provide sufficient ger-
mination [41], suggesting that mechanical scarification was
the most adequate treatment to obtain uniform and rapid
germination.

It was previously reported that ultralow temperature
(−196∘C) exposure in liquid nitrogen enhanced final germi-
nation and germination speed in seeds of Medicago orbic-
ularis while it did not improve germination parameters of
Astragalus hamosus seeds [42]. In addition to mechanical
or chemical scarification, storage of Persian clover seeds
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in deep freezer at −5∘C for 15 days significantly improved
the germination ratios of seeds in different colours [43].
Asci et al. [16] also reported that mechanical scarification
was the most effective method to remove the hardness of
red clover seeds relative to other methods tested, including
precooling, preheating, hot water, and potassium nitrate
[16]. The importance of the mechanical scarifying technique,
however, lies not just in the possibility that it improves the
germinability of seed, but also in how much it can accelerate
the process and how practically it can be applied. In addition,
mechanical scarification may damage other parts of the seed,
including the embryo, and may reduce seed viability due
to the pathogenic and saprophytic organisms to gain entry
into the seed and thus reduce the shelf life of the seeds
although intention of this technique is to provide a minor
damage on seed coat for water permeability [44, 45]. Acid
scarification, on the other hand, is commonly not preferred
due to its cost, safety risk and environmental precautions
involved, and not reliable or lacking the requisite qualities on
seeds of other important plant species [43, 44, 46].Therefore,
such precautions have great importance whether or not the
technique becomes operationally applicable in large seed lots
of various plant species. In agreement with previous reports
[46], treatment of white lupin or red clover seeds with HW
per se significantly improved FGPs even though the beneficial
effects of these treatments were limited in comparison to F1
+ HW method (Figures 1 and 2). The effectiveness of F1 +
HW method can also be judged by the high percentage of
germinations resulting in white lupin (84.16%) and red clover
(74.50%) seeds while UT control seeds had FGPs of 3.3% and
26.0%, respectively. In addition, germination improvement of
red clover seed with F1 +HWmethod was found to be higher
than that ofmechanical scarification reported previously [16].

Freeze-thaw scarification method has been known and
been used to improve germination of hard seeds in several
legume species for a long time [47–51]. Midgley [47] reported
that germination of alfalfa seeds was not improved when
the seeds were subjected to freeze-thaw scarification with
cooling temperatures at −5∘C or at −15∘C for 36 h and with
warming at room temperatures for six days. Similarly, freeze-
thaw scarification of milk vetch seeds at −22∘C for 2, 4, 7,
30, 60, 90, or 180 days did not improve seed germination
more than 78% [50]. Both Stout [48] andBusse [49] suggested
that repeated freeze-thaw cycles were needed to improve
germination of alfalfa seeds, although Rutar et al. [51] found
no influence on germination of alfalfa seeds when they used
the same seed treatments as the study of Stout [48]. Freeze-
thaw scarification using liquid nitrogen was also previously
tested and showed no effect on hard seeds of several legume
species including alfalfa, red clover, soybean, common vetch
[52], and white lupin. Taken together, the results of this
study revealed that thawing temperatures or conditions in
a freeze-thaw scarification technique would be more critical
than freezing temperatures, and immediate or rapid thawing
like in hot water would be more beneficial to remove coat-
imposed seed dormancy in legume plants.

It has been suggested that cracks in the seed coat pro-
duced by heat treatment result from seed coat expansion
and contraction due to the increase of room temperature

to −80∘C (hot water) [23, 53] while cracks in acid-scarified
seeds may be attributed to chemical erosion. The F1 + HW
method provides cracks on seed coat and results may be
attributed to seed coat expansion or contraction due to the
heat shocked on testa of frozen seed. Depending on the
species, seed coat thickness, and the size of the seeds used,
it is even possible to hear a hatch sound when the seeds
were immersed in HW following storage in a deep freezer.
As indicated before, storage of white lupin seeds at −20∘C for
a period of time or immersing the seeds in liquid nitrogen
was not sufficient to meet a need for practical application
suggesting that combining freezing temperature with HW at
given conditions provided a surface stress on seed coat which
can easily be broken and made seeds permeable to water.
Previous reports indicated that lens or hilum sides of the testa
are the physically weakest part and thus can more easily be
broken by treatments [6, 23, 53]. We speculate that the F1 +
HW method may also provide cracks on lens or hilum sides
of the testa on white lupin and red clover seeds.

In conclusion, we developed a novel and reliable combi-
nation of freeze-thaw scarification method (F1 + HW) which
is apparently the quickest and simplest method available for
releasing coat-imposed seed dormancy of white lupin and red
clover seeds and has a great potential in other plant species in
operational applications if the coat-imposed seed dormancy
is due to either the impermeability of the coat to water or the
mechanical prevention of radicle extension.
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