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Abstract: The timing of seed germination significantly affects the fitness and life cycle of plants.
Torilis scabra is a perennial medicinal herb occurring in mixed forests but the increasing use and
modification of forestlands in recent decades has led to the degeneration of its natural habitat.
Nonetheless, the requirements for germination in T. scabra remain unclear. The present study focused
on identifying conditions necessary to break T. scabra seed dormancy and describing its seed dormancy
type. By periodically collecting seeds that were sown in the field, germination phenology was studied.
The impact of light, temperature, and warm/cold stratification on breaking seed dormancy and
promoting germination was also determined through incubating seeds in laboratory conditions.
Additionally, the effect of GA3 was explored to more accurately identify the type of dormancy
present. The results demonstrated that the seeds of T. scabra possessed small, undeveloped embryos
with physiological dormancy at the time of maturity. In the field, embryo growth initiated in early
spring and the embryo–seed length ratio increased by ~300% before the radical emerged. In the
laboratory, the embryo–seed length ratio increased from 0.24 to 0.82 when seeds were subjected
to cold stratification at 4 ◦C and then transferred to 15/25 ◦C. Germination was observed across
a broad temperature range after cold stratification. GA3 also helped to break dormancy but after-
ripening did not. Taken together, the results suggest that seeds of T. scabra have non-deep simple
morphophysiological dormancy.

Keywords: Apiaceae seeds; morphophysiological dormancy; cold stratification; germination phenology;
underdeveloped embryo

1. Introduction

The timing of seed germination significantly affects the fitness and life cycles of
plants [1], niche construction [2,3], species coexistence [4,5], and community composition
in the presence of climate change [6,7]. Seed dormancy is assumed to be a bet-hedging
mechanism in plants allowing them to prevent sibling competition [8,9]. Seeds that are
buried within a seed bank can sense several environmental conditions (such as light and
temperature), which also adjusts the internal dormancy depth on a continuous basis to
synchronize germination and seedling emergence at the appropriate time and space [10–12].
Five categories of dormancy have been identified in line with the classification strategy of
seed dormancy: physical (PY), physiological (PD), combinational (PY + PD), morphological
(MD), and morphophysiological (MD + PD; MPD) dormancy [13]. Seeds with PD need
specific biochemical adjustments in order to overcome a barrier that prevents the embryo
from penetrating the fruit or seed coat and germination. PY seeds have an impervious
fruit/seed covering, whereas MD seeds have underdeveloped embryos [13].

Apiaceae is a large family, and many seeds within this family have linear and underde-
veloped embryos when they are dispersed. These embryos must reach a substantial length
before the radicle can emerge, as noted by Martin [14] and Baskin and Baskin [15]. As a
result, seeds of this plant family may exhibit either MD or MPD. Furthermore, previous
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studies have indicated that even closely related species within this family may display
different dormancy types [15–32]. For example, in the subfamily Apioideae, seeds of
Angelica glauca [16] and Torilis nodosa [17] have MD. By contrast, seeds of Chaerophyllum
procumbens [18], Selinum carvifolia [19], Spermolepis echinata [15], Torilis japonica [20], and
Trepocarpus aethusae [21] show non-deep simple MPD. Seeds of Bupleurum aureum [22] and
Cenolophium denudatum [23] display deep simple MPD. Seeds of Osmorhiza claytonii [24]
and O. longistylis [25] have non-deep complex MPD. Seeds of Aegopodium podagraria [28,29],
Anthriscus sylvestris [30], Chaerophyllum aureum [22], C. temulum [19], Cryptotaenia canaden-
sis [31], and Heracleum asperum [22] have deep complex MPD. Given the variety of dormancy
types observed in Apiaceae, laboratory and in-depth field research is required regarding
species with unknown dormancy-breaking and germination requirements. This is particu-
larly true for species requiring broadcast seeding with high seed waste [33–35].

Understanding MPD seed germination requires identifying which environmental
conditions break dormancy and stimulate embryo development [36]. Dormancy breaking
and embryo growth in different plant species may require different combinations of tem-
perature treatments. For example, some species may require cold stratification followed by
warm stratification, some may require warm stratification followed by cold stratification,
and some may require just one of these treatments [36–40]. Additionally, MPD is divided
into nine levels according to the response to gibberellic acid (GA3), cold/warm stratification
requirements, temperature requirements for embryo growth, and time of root and/or shoot
emergence [13,15].

Torilis scabra (Apiaceae) is a perennial herb that grows in mixed forests on mountain
slopes, in valleys, and on roadsides at elevations of 200–2400 m in China, Japan, and
Korea [41]. The young leaves and fruits can be used as a flavoring and produce a sharper
flavor than garden chervil. In addition, this species possesses valuable medicinal properties;
its roots are traditionally used to treat various ailments such as abdominal pain caused by
parasitic worms and rheumatism [42]. However, the increasing market demand for T. scabra
and unparalleled human damage to the natural environment have threatened the species
in recent decades [43]. Furthermore, the seeds of T. scabra are dormant and thus have a
low germination percentage, resulting in high propagation costs and substantial amounts
of seed waste in horticulture. Nevertheless, little is known about the type of dormancy
exhibited by this species. Therefore, understanding seed dormancy and germination
phenology in T. scabra is crucial for species conservation and artificial propagation.

This study focused on investigating essential conditions needed to break dormancy
and on determining seed dormancy types exhibited in T. scabra. Specifically, we studied
(1) the effect of temperature on embryo development, (2) the effects of cold and warm
stratification on dormancy breaking and seed germination, (3) the role of dry storage
(after-ripening) and gibberellin in dormancy breaking, and (4) germination phenology in
the field.

2. Materials and Methods
2.1. Study Area and Seed Collection

Fresh matured seeds of T. scabra seeds, also known as “mericarps”, were collected
from approximately 1000 plants growing in Xinbin County, China (41◦56′ N, 125◦4′ E)
between 1 and 10 September 2018. All the following tests began within two weeks after
the seed harvest. The seed moisture content used for experiments was 7.8659 ± 0.2162%.
The location of the collection experiences a temperate continental monsoon climate, and
the average temperature per year is 7.6 ◦C. The coldest and warmest months are January
and July, with minimum and maximum temperatures of −12.3 ◦C and 29.7 ◦C, respectively.
The average temperature from May to September, which is the period of plant growth, was
20.7 ◦C. This area experiences a frost-free period of 130 to 180 days, with an average annual
precipitation of 400 to 1000 mm [43].
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2.2. Seed Morphology and Mass

Vernier calipers were used to determine the width, length, and thickness of T. scabra
seeds (n = 20). To measure seed mass, the weight of ten randomly selected samples from
100 seeds was measured using an electronic scale (Sartorius AG, Göttingen, Germany)
accurate to within 0.0001 g.

2.3. Imbibition Tests

Water absorption was evaluated in the laboratory for determining whether the fruit/seed
coat of T. scabra is capable of absorbing water. Four replicates of 25 seeds were weighed using
the Sartorius electronic scale before being placed on distilled water-moistened Whatman No.
1 filter papers in plastic Petri dishes (10 cm in diameter). Seeds were removed from the Petri
dishes at 0, 0.5, 1, 2, 4, 6, and 8 h, then blotted dry, weighed, and replaced in each dish. The
percentage increases in fresh mass (% Wr) were calculated by using the following formula:
% Wr = [(Wf −Wi)/Wi] × 100, where Wi represents the initial weight of the seed and Wf
refers to the weight of the seed after being dried for a specified period [11].

2.4. General Procedures of the Germination Test

Seeds were incubated under 5/15, 10/20, 15/25, and 20/30 ◦C conditions in the
presence of light (12 h photoperiod/day; hereafter referred to as “light”) or continuous
darkness to investigate seed germination. For each treatment, four replicates for 25 seeds
were placed in the Petri dishes (10 cm in diameter) on two layers of distilled water-saturated
Whatman No. 1 filter paper. To reduce water loss, a plastic film was used to wrap dishes.
These four temperatures were chosen as they could represent the monthly minimum and
maximum air temperatures in the environment of T. scabra at the seed collection site and in
eastern China [11]. The minimum and maximum temperatures respectively coincided with
the diurnal 12-h dark/12-h light photocycle for seeds, which were subjected to incubation
under ca. 100 µmol/m2/s photon irradiance (400–700 nm) of light offered by cool, white-
fluorescent tubes. The radicle tip emergence criteria of 1 mm was used to determine
germination [15]. Ungerminated seeds were squeezed with forceps at the end of each
trial to estimate if they contained one mushy and gray embryo (non-viable) or one solid
and white embryo (viable) [38]. Germination percentage was calculated as the number of
germinated seeds/(25 − non-viable seeds) × 100%.

2.5. Germination and Embryo Length in Fresh Seeds

T. scabra fresh seeds were cultivated under light and dark conditions under 5/15,
10/20, 15/25, and 20/30 ◦C for 30 days to determine whether they had MPD or MD. In
addition, four replicates of ten seeds were subjected to 24 h incubation onto filter paper
under 20–25 ◦C and RH 40–50% conditions, following which embryo and seed lengths
were determined.

2.6. Effects of Temperature on Embryo Growth

To determine how cold/warm temperatures affected embryo growth, 5 mL distilled
water was added into a total of 14 Petri dishes each containing 10 seeds, followed by
incubation with light under 4 or 15/25 ◦C at 8 weeks. Thereafter, seeds incubated at 4 ◦C
were transferred to 15/25 ◦C and seeds incubated at 15/25 ◦C were placed under 4 ◦C for
an additional 6 weeks. At 2 week intervals, one Petri dish from each temperature setting
was selected at random for determining embryo–seed length ratio (E/S) in those 10 seeds.

2.7. Effects of Cold or Warm Stratification on Seed Germination

T. scabra fresh seeds were put in metal boxes (depth, 10 cm; diameter, 20 cm) on
rinsed quartz sand between two layers of filter paper and incubated at 4 or 15/25 ◦C to
determine how cold/warm stratification affected germination. Following stratification for
0/2/4/8/12/16 weeks, four replicates of 25 ungerminated seeds were randomly selected
from each box and transferred to Petri dishes for a 30 day incubation period in the light and
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dark at 5/15, 10/20, 15/25, or 20/30 ◦C. Germinated seeds were determined and discarded
from the Petri dishes.

2.8. Effects of Warm plus Cold Stratification on Seed Germination

Fresh seeds of T. scabra were stratified for 0 or 4 weeks under 15/25 ◦C, followed by
transfer to 4 ◦C for 12 week cold stratification for culture under light and dark conditions
at 5/15, 10/20, 15/25, and 20/30 ◦C for 30 days.

2.9. Effect of Dry Storage (After-Ripening) on Seed Germination

T. scabra fresh seeds were put in lidless Petri dishes at room temperature (20–25 ◦C,
40–50% RH) for 2, 4, and 8 weeks, followed by 30 day incubation in light under 5/15, 10/20,
and 15/25 ◦C following each after-ripening phase. At the end of the trial, seed germination
was analyzed according to the previous description.

2.10. Effects of Gibberellin on Seed Germination

Four replicates of 25 seeds of T. scabra were cultivated in Petri dishes for 12 weeks
at 15/25 ◦C in the presence of light. The samples were moistened with a 5 mL 0, 10, 100,
or 1000 mgL−1 solution of GA3. Distilled water was used to moisten the filter paper, and
germinated seeds were counted and discarded weekly.

2.11. Germination Phenology and Embryo Growth

A total of 60 nylon bags with mesh sizes of 1 mm were filled with fifty seeds each.
Each nylon bag was filled in a 1:1 ratio with seeds and sand. During October 2018, bags were
buried in field soil at a depth of 2 cm in the experimental garden of Yangzhou University. Each
bag’s position was noted, and they were distributed among two 1 m2 plots. Every two weeks,
four bags were excavated for counting seeds that had germinated. Under a microscope, ten
seeds of each bag were adopted for measuring embryo and seed lengths. After removing any
seeds with radicle protrusions from the embryo for measurement, we determined the E/S
ratio. A digital thermometer was used to measure the daily air temperatures.

2.12. Statistical Analyses

All analyses were conducted in R version 4.2.2 using the car and multcomp packages.
For ensuring the homogeneity of variance, percentages were arcsine transformed before
statistical analysis. t-test or one-way ANOVA was employed when there were either two
treatments (p < 0.05) or multiple treatments analyzed by one factor, respectively; two- or
three-way ANOVAs were used if there were two or more factors (p < 0.05). Upon significant
differences detected by ANOVA, we utilized Tukey’s HSD test for determining treatment
differences (p < 0.05).

3. Results
3.1. Seed Morphology and Mass

Seeds of T. scabra were elliptical to oblong in shape at maturity; their length was
4.78 ± 0.12 mm, their width was 1.75 ± 0.09 mm, and their thickness was 1.26 ± 0.08 mm.
The mass of 1000 seeds was 1.239 ± 0.14 g.

3.2. Imbibition Tests

The seeds absorbed water easily and displayed a typical pattern of initially absorbing
water rapidly. Seed mass increased by 45% after 0.5 h and by 82% after 1 h. Water imbibition
peaked at 2 h, and seed mass did not increase as more time passed (Figure 1).

3.3. Germination and Embryo Length of Fresh Seeds

Seed germination was not detected at 30 days of incubation under 5/15, 10/20, 15/25,
and 20/30 ◦C, under both light and dark conditions. In comparison with seed length,
embryos remained relatively short. The embryos were 1.09 ± 0.14 mm in length and had
an E/S ratio of 0.23 ± 0.01.
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Figure 1. Imbibition curves for intact Torilis scabra seeds. Vertical bars indicate± SE with four replicates.

3.4. Effects of Temperature on Embryo Growth

The embryo length of T. scabra seeds under cold and warm stratification showed a
slow increase during the 0–8 week incubation period (Figure 2). However, after transferring
seeds incubated at 4 ◦C to 15/25 ◦C, the embryos increased rapidly, with an E/S ratio that
increased from 30% to 70% two weeks after transfer. After 12 weeks of incubation, the E/S
ratio increased from 0.24 (at 0 weeks) to 0.82 (at 12 weeks). In contrast, the E/S ratio of
seeds remained almost unchanged after transfer from 15/25 ◦C to 4 ◦C.
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Figure 2. Effect of temperature on embryo:seed (E:S) length ratio of Torilis scabra. Vertical bars indicate
± SE with 10 replicates.

3.5. Effects of Cold or Warm Stratification on Seed Germination

The germination percentage increased with an increase in cold stratification period
from 0 to 16 weeks at 4 ◦C (Figure 3). Additionally, seeds that were incubated under light
conditions had a higher germination percentage compared to those in the dark (Figure 3).
Seeds that were incubated at temperatures of 10/20 and 5/15 ◦C had a higher germination
percentage compared to those incubated at 15/25 and 20/30 ◦C. After a 12 week incubation,
73% of the seeds germinated under light conditions at 5/15 ◦C, 90% at 10/20 ◦C, 10% at
15/25 ◦C, and 9% at 20/30 ◦C. However, under dark conditions, only 22% germinated
at 5/15 ◦C, 33% at 10/20 ◦C, 4% at 15/25 ◦C, and 3% at 20/30 ◦C. On the other hand,
after 16 weeks of warm stratification, no seed germination was observed after 30 days of
incubation under light or dark conditions at 5/15, 10/20, 15/25, or 20/30 ◦C.

3.6. Effects of Warm plus Cold Stratification on Seed Germination

As revealed by three-way ANOVA, a 0–4 week warm stratification combined with a
12 week cold stratification, incubation temperature, and light significantly affected T. scabra
seed germination. After a 4 week warm stratification combined with a 12 week cold
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stratification, seeds displayed significantly higher germination percentages than seeds with
a 0 week warm stratification combined with a 12 week cold stratification (Figure 4).
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3.7. Effects of Dry Storage (After-Ripening) on Seed Germination

Eight-week dry storage under room temperature conditions showed that the seeds did
not germinate after 30 days of incubation under 5/15, 10/20, 15/25, and 20/30 ◦C, with or
without light.

3.8. Effects of Gibberellin on Seed Germination

GA3 concentration, incubation time, and their interaction significantly affected T. scabra
seed germination. As the concentration of GA3 increased from 0 to 1000 mg/L and/or the
incubation time increased from 4 to 12 weeks, the seed germination percentage significantly
increased (Figure 5).
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3.9. Germination Phenology and Embryo Growth

E/S ratio in fresh seeds was 0.23 ± 0.01, while before germination it was 0.69 ± 0.01
(Figure 6). The E/S ratio showed little or no increase without an increase in soil temperatures,
which began after 1 February 2019 at the maximum and minimum daily temperatures of
0.2 ◦C and 8.3 ◦C, respectively (Figure 6). Seed germination was at the highest rate on
14 February 2020 at the minimum and maximum daily temperatures of 1 ◦C and 12 ◦C,
respectively. By 14 March 2019, >80% seed germination percentage was observed in the soil.
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4. Discussion

Physical dormancy can be distinguished by the presence of imbibition in sacrificed
seeds but not in intact seeds [15]. Seeds of T. scabra absorbed water rapidly, as described
above (Figure 1). We concluded that T. scabra seeds do not exhibit PY or physical dormancy
+ physiological dormancy. Germination of T. scabra fresh seeds was not observed in their
natural habitat following sowing or after 1 month of laboratory experiments at 5/15, 10/20,
15/25, or 20/30 ◦C, indicating that they are dormant when initially dispersed. However,
prior to seed germination in the field, embryo:seed length ratio increased from 0.23 ± 0.01 to
0.69 ± 0.01. Therefore, embryos of T. scabra seed are underdeveloped. According to Baskin
and Baskin [13], MD occurs when seeds with immature embryos germinate within 30 days on
a moist medium, while MPD occurs when seeds with immature embryos fail to germinate
after a 30 day incubation period on a moist medium. Therefore, seeds of T. scabra exhibit MPD
due to a lack of initial germination and because they have undeveloped embryos.

Understanding the embryo development conditions in T. scabra seeds is essential for
categorizing the MPD level. There are nine MPD levels, which are further classified into
simple and complex types according to temperatures needed for embryo development [13,38].
Seeds with simple MPD require warm temperatures (above 15 ◦C) for embryonic development,
while those with complex MPD require low temperatures (around 0–10 ◦C) for embryonic
development [15]. In a laboratory setting, T. scabra seed germination in light and darkness
showed a gradual increase under 5/15, 10/20, 15/25, and 20/30 ◦C after increasing time
for cold stratification (Figure 3). In addition, when seeds incubated at 4 ◦C were transferred
to 15/25 ◦C, the embryo expanded rapidly, with an E/S ratio elevating from 30% to 70%
after two weeks of transfer (Figure 2). Similarly, in the germination phenology experiments,
T. scabra embryos remained almost unchanged prior to soil temperatures starting to increase
(Figure 6). These results confirm that a requirement for cold stratification, which occurs
naturally in winter, will have postponed embryo development and germination in spring in
the natural habitat [35]. Because embryos in seeds of T. scabra were observed to grow with
warm temperatures, they were classified as having simple MPD.

Nikolaeva [44] classified three PD levels, namely non-deep PD, intermediate PD, and
deep PD. Seeds have non-deep or intermediate PD when GA3 substitutes the necessity for
cold/warm temperature for achieving dormancy breaking, and seeds have deep PD if GA3
cannot replace the need for warm/cold temperatures [13,45]. Impacts of cold stratification
can be mimicked with the application of GA3 in certain species experiencing intermediate
dormancy; however, this will not work for other species. Meanwhile, warm or cold
stratification is necessary to overcome PD in intermediate and deep simple MPD [13,46].
T. scabra seed germination markedly increased as GA3 concentration increased (Figure 5);
thus, GA3 appears to have overcome dormancy in T. scabra seeds. Therefore, we infer that
T. scabra seeds experience non-deep simple MPD and that dormancy breaking requires a
comparatively short cold stratification.

The conventional notation for non-deep simple MPD is C1Bb, where “C1” signifies
non-deep PD and “B” symbolizes the immature embryo requiring warm conditions to
develop [13]. There are two variations of this dormancy type, referred to as C1bBb and
C1aBb. Warm temperatures can be used to break the PD of C1bBb, whereas cold temperature
breaks the PD of C1aBb. The dormancy formula for T. scabra seeds is C1aBb because they
need low temperatures to emerge from dormancy.

The dormant state of T. scabra seeds prevents them from sprouting following dispersal
in the fall. During the winter, cold stratification breaks PD but no embryo development
observed. As the temperature rises in early spring, this triggers the development of the
embryo within T. scabra seeds, leading to successful germination. A similar germination
phenology was observed in seeds of Angelica sylvestris collected in Belgium [19]. These seed
dormancy-breaking and germination mechanisms offer optimal timing for germination
and seedling emergence [47]. During winter, plants would face challenges such as low
temperatures and limited water availability, which would negatively affect their growth.
However, by undergoing a period of cold stratification followed by exposure to high
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temperatures, the seeds are primed to germinate when conditions become favorable in the
spring. This allows the plant to establish and grow at the right time, thereby increasing
its chances of survival and success in the long term. We thus consider that delaying
germination in this way is advantageous and avoids germination during unfavorable
winter conditions.

Dormancy-breaking requirements of many Apiaceae species seeds have been widely
examined [19]. Deep complex MPD [26], deep simple MPD [23], and non-deep simple
MPD [17,35] have all been observed in Apiaceae seeds. In deep and non-deep complex
MPD, PD breaking and embryo development happen at the same time throughout the
cold stratification process. Seeds under deep simple MPD should experience warm strati-
fication and then cold stratification for achieving germination. In certain Apiaceae seeds
experiencing non-deep simple MPD, warm stratification contributes to PD breaking, as
observed in Chaerophyllum tainturieri [15]. Species that germinate in spring within temper-
ate regions usually need cold stratification for PD breaking, such as Asimina triloba [48],
Thalictrum mirabile [49], and Angelica keiskei [35]. For spring-germinating species that pos-
sess seeds with non-deep simple MPD, breaking of the PD may occur during the winter
season. In this case, the seeds will be primed for germination and embryo development
once favorable conditions arise in the spring. This allows the plant to establish and grow
at the appropriate time, which is critical for survival and success in the long term. Such
heterogeneities in dormancy strategy are possibly associated with selection in diverse
habitats [29].

5. Conclusions

Seeds of T. scabra exhibit non-deep simple MPD, which is a combination of MD and
PD. The underdeveloped embryos (i.e., MD) did not begin to grow until the PD was broken
through cold stratification. Subsequently, warm temperatures increased seed germination
and embryo development. Moreover, the application of GA3 can replace cold stratification,
while after-ripening is ineffective for this purpose. In the field, embryo length showed little
or no increase before 1 February and germination peaked on 14 February. This study will
aid the horticulture industry and efforts to conserve this species by reducing the time it
takes to produce T. scabra seedlings, thus serving as a useful resource.
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