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Abstract: Pedicularis hallaisanensis Hurusawa, native to Mt. Halla and Gaya, is an endangered endemic
species. To support conservation efforts, this study investigated its germination characteristics and
kind of seed dormancy. The seeds of P. hallaisanensis had fully developed linear embryos at dispersal,
with no additional embryo growth observed. Water imbibition was observed prior to germination.
The seeds were water-permeable. The seeds did not germinate at four temperature treatments
(4°C/1°C,15°C/6°C,20°C/10 °C, and 25 °C/15 °C). However, cold stratification and gibberellic
acid treatments broke seed dormancy. Total germination was 15%, 15%, and 45% at 12, 16, and
20 weeks of cold stratification, respectively. Total germination at 25 °C /15 °C for GA treatments
were 0%, 25%, 25%, and 80% at 500, 1000, 1500, and 2000 mg/L, respectively. This study showed
that the seeds of P. hallaisanensis have intermediate physiological dormancy, requiring 20 weeks of
cold stratification or more than 2000 mg/L GA concentration to maximize total germination. These
results are useful for understanding ecophysiological mechanisms related to the species” habitat and
for mass propagation to conserve this endangered species.

Keywords: ecophysiological; final germination rate; mass propagation; cold stratification; seed
morphology

1. Introduction

The Pedicularis genus (originally of Scrophulariaceae, currently placed in Oroban-
chaceae under the APG IV classification system) comprises more than 677 species of
semiparasitic plants distributed worldwide, native to the polar regions of the northern
hemisphere and temperate alpine regions [1,2]. In South Korea, five semiparasitic species,
P. resupinata, P. mandshurica, P. hallaisanensis, P. spicata, and P. ishidoyana, are distributed [1].
Among them, Pedicularis hallaisanensis Hurusawa is an endemic species, rarely found only
on Mt. Halla and Mt. Gaya in Korea. Although some global databases treat this taxon
as a synonym of Pedicularis verticillata subsp. verticillata, it is recognized as a distinct en-
demic species in the authoritative regional botanical literature of Korea [3,4]. This species,
restricted to alpine regions, has been designated as a Grade II Endangered Wild Species
by the Ministry of Environment of the Republic of Korea, following criteria analogous to
those of the IUCN Red List, due to the rapid decline in its natural habitats and populations.
Although P. hallaisanensis has decreased biodiversity, previous research is insufficient in
addressing both external factors, such as habitat destruction, exploitation, and pollution,
and internal factors, such as propagation for ex situ conservation.

Propagation through seed germination allows for mass propagation by producing a
large number of plant individuals simultaneously. However, due to varying germination
characteristics and seed dormancy among species, detailed research is necessary. This is
particularly true for seeds requiring specific conditions to break dormancy, such as cold
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temperatures or hormone treatments. Seed dormancy blocks germination until favorable
conditions arise, serving as a survival strategy in unfavorable environments [5]. From an
ecophysiological perspective, seed dormancy offers insights into conservation biology by
revealing how specific species control germination timing and adapt to natural habitats.
The authors of [6] classified five kinds of seed dormancy based on seed morphology and
germination characteristics: (1) physical dormancy, (2) physiological dormancy, (3) mor-
phological dormancy, (4) morphophysiological dormancy, and (5) combinational dormancy
(physical + physiological dormancy). These dormancy types are further subdivided by
depth and characteristics. Among them, physiological dormancy is the most common in
seeds of gymnosperms and major angiosperm clades, and it is frequently found in plants
in all parts of the world [7].

Generally, seeds with physiological dormancy (PD) do not germinate within 4 weeks
under favorable conditions. This dormancy can be subdivided by depth: deep, interme-
diate, or nondeep [7,8]. Seeds germinate after temperature treatments (warm and cold
stratification) and artificial hormone treatments (gibberellic acid). Thus, classifying PD
provides a method for mass propagation through dormancy breaking. However, dormancy
and germination characteristics vary even among species in the same genus. In [9], seeds of
eight Pedicularis species had PD and exhibited different germination characteristics. Cold
stratification promoted the germination of P. pseudomelampyriflora seeds but did not promote
the germination of P. longiflora or P. siphonantha. In five species, GA3 did not promote or
decrease germination. In four species, gibberellic acid (GA3) promoted germination to
varying extents. India-endemic P. olympica seeds required a combination of scarification
and cold stratification, or GA3, for germination [10]. Thus, classifying seed dormancy and
investigating germination characteristics provides insight into how each species adapts to
different natural habitats [11].

Although previous studies have investigated the germination of P. hallaisanensis seeds
using host plants [12], there are no studies on the class of seed dormancy. In this study,
we examined germination characteristics under four temperature regimes (4 °C/1 °C,
15°C/6°C,20°C/10 °C, and 25 °C/15 °C), cold stratification treatments (4 °C/1 °C for 0,
8,12, 16, and 20 weeks), and gibberellic acid treatments (0, 500, 1000, 1500, and 2000 mg/L),
as well as seed morphology. We then classified the seed dormancy of P. hallaisanensis. The
results of this study will provide an understanding of seed dormancy and ecophysiological
mechanisms in natural habitats and aid in the mass propagation for the conservation of P.
hallaisanensis.

2. Materials and Methods
2.1. Plant Materials

This study was conducted at the Endangered Resources Center in Yeong-yang, Korea.
The mature seeds of P. hallaisanensis were collected on 11 September 2020 from plants
growing on Mt. Gaya, Gyeongsangnam-do (Figure 1). The seeds were dehisced and
dried at room temperature (~25 °C) for 2 weeks, then stored at 4 °C for a week before the
germination study.

2.2. Seed Morphology

To investigate morphological characteristics, seed morphology measurements were
conducted on P. hallaisanensis seeds incubated at 25 °C/15 °C. The seeds were halved using
a surgical blade (stainless blade; Feather Safety Razor Co., Ltd., Osaka, Japan). External
characteristics (length and width) and internal characteristics (embryo length at dispersal
and just before germination) were measured using a USB microscope (AD7013MZT Dino-
Lite; AnMo Electronics Co., New Taipei City, Taiwan). The embryo-seed ratio (E:S ratio)
was then calculated and compared.
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2.3. Water Imbibition Test

To investigate the physical dormancy of P. hallaisanensis, a water imbibition test was
performed. The dry weight of the seeds was measured, and three replicates of 10 seeds
were placed in Petri dishes on two sheets of filter paper filled with distilled water. The
seeds were incubated at a constant temperature, and their fresh weight was measured after
2,4, 6,8, or 12 h. Water absorption by the seeds was calculated using the water uptake
formula [6]:

Water absorption (%) = [(M2 — M1)/M1] x 100 1

where M2 is the mass of the seeds after imbibition for a given interval and M1 is the initial
seed mass.

Figure 1. Pedicularis hallaisanensis Hurusawa. In habitat. (A) germinated individual; (B) second-year
individual; (C) flowering individuals.

2.4. Temperature Treatments

The seeds were placed in 10-cm-diameter Petri dishes on top of two layers of filter
paper moistened with distilled water. All Petri dishes were sealed with Parafilm to prevent
water loss during the experiment. Temperature- and light-controlled multiroom chambers
were used in this study. The chambers were set at 4 °C/1 °C, 15 °C/6 °C, 20 °C/10 °C,
and 25 °C/15 °C, respectively. Cool white fluorescent lamps provided an alternating 12 h
light/dark photoperiod.

Germination was investigated weekly, and germinated seeds were removed from the
Petri dishes. Distilled water was frequently added to prevent water loss. Rotten seeds
were excluded from the germination rate calculation. Measured traits included the total
germination (TG).

TG = (N/S) x 100 )

where (N) is the total number of germinated seeds and (S) is the total number of seeds sown.
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2.5. Cold Stratification

Cold stratification treatment was conducted to investigate its effect on seed germi-
nation and break seed dormancy. The seeds were placed in 10-cm-diameter Petri dishes
on two layers of filter paper moistened with distilled water. The seeds were stored in
a chamber set to 4 °C/1 °C with a 12/12 h light/dark cycle for 8, 12, 16, or 20 weeks.
After each cold stratification treatment, they were moved to a chamber at 25 °C/15 °C.
Germinated seeds were counted weekly and removed from the Petri dishes. Distilled water
was frequently added to the Petri dishes to prevent water loss. Rotten seeds were excluded
from the germination rate calculation.

2.6. Gibberellic Acid Treatments

To examine the impact of GAj3 treatments on breaking seed dormancy and germination,
three sets of 10 fresh seeds were used. The seeds were soaked in four GA3 concentrations
(500, 1000, 1500, and 2000 mg/L) for 24 h at room temperature. After treatment, the seeds
were rinsed with distilled water and placed in a chamber at 25 °C/15 °C. Germinated seeds
were counted and removed from the Petri dishes weekly. Distilled water was regularly
added to the Petri dishes to prevent dehydration. Rotten seeds were excluded from the
germination rate calculation.

2.7. Statistical Analyses

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). Tukey’s honestly significant difference tests were used to assess differences between
the mean TG of seeds under the four cold stratification treatments. Paired t-tests evaluated
differences between the E:S ratio of seeds at dispersal and just before germination. Results
with p-values < 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Seed Morphology

The mature seeds of P. hallaisanensis are dark and oval-shaped. The length and width
of the seeds were 108.06 + 1.4 mm and 52.11 £ 1.9 mm, respectively (Table 1). The seeds
had fully developed linear embryos at dispersal, a type common in gymnosperms, mono-
cots, and dicots [13] (Figure 2). The E:S ratio of the seeds was 0.62 & 0.01 at dispersal and
0.70 & 0.01 just before germination (Figure 3). There was no significant difference in the
E:S ratio between these stages. Generally, seeds with underdeveloped embryos exhibit
morphological or morphophysiological dormancy. Such seeds disperse with underdevel-
oped embryos, which grow until just before germination within 30 days under optimal
conditions. In this study, the seeds of P. hallaisanensis showed no morphological dormancy
and, if lacking other dormancy types, will germinate without additional embryo growth
within 30 days.

(A ®) ©

k k. b i

Figure 2. External and internal seed morphology of P. hallaisanensis. Intact seed (A) and fully
developed embryos at seed dispersal (B) and just before germination (C) are shown. pr, pericarp; sc,
seed coat; en, endosperm; em, embryo. Scale bars are 50 mm.
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Table 1. Pedicularis hallaisanensis seed characteristics in this study.

Length Width E:S Ratio
108.06 4 1.41 * 52.11 +1.95 0.62 + 0.01
* Mean = standard error (1 = 10).

1.0
ns

|

0.6 +

E:S ratio

04t

0.2 +

0.0
At dispersal Just before germination

Figure 3. Embryo/seed ratio (E:S ratio) in the seeds of P. hallaisanensis at seed dispersal and just
before germination. The vertical error bars represent SE (1 = 6). Each E:S ratio at dispersal and just
before germination was compared using Tukey’s HSD tests. ns = not significant.

From an evolutionary perspective, the primitive dormancy classes are morphological
dormancy and morphophysiological dormancy. Morphophysiological dormancy seeds
evolved into PD by increasing embryo size, eventually becoming nondormant seeds that
have lost PD [7,8,14].

3.2. Water Imbibition Test

Physical dormancy results from the impermeability of palisade cells in the seed or fruit
coat, which inhibits water imbibition [8,15]. Eighteen families of angiosperms, including
Fabaceae, exhibit physical dormancy [16]. This dormancy can be broken by treatments such as
physical (dry or wet heat, alternate wet-dry heat, etc.) and chemical (HySO,4, HCI) scarification.
Generally, if the water absorption rate is under 20%, the seeds are considered PY dormancy
type. In this study, mass mature seeds of P. hallaisanensis increased by 50% in 2 h and by 81%
(fully imbibed) in 12 h (Figure 4). Thus, the seeds of P. hallaisanensis imbibe water and do not
have PY or combination dormancy. In conclusion, the seeds of P. hallaisanensis do not require
scarification treatments for germination in their habitat or artificial propagation.
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Figure 4. Water uptake intact seeds of Pedicularis hallaisanensis. Seeds were incubated at ambient
room temperature (approximately 25 °C) on filter papers moistened with distilled water for 12 h. The
vertical error bars represent SE (n = 10).
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3.3. Temperature Treatments

The seeds of P. hallaisanensis do not germinate under four different temperature regimes
within four weeks. Generally, if seeds do not germinate within 30 days under favorable
conditions, they are considered to have physiological and morphophysiological dormancy.
In this study, the seeds of P. hallaisanensis do not exhibit physical or morphological dormancy.
Therefore, they are considered to have only PD. Most alpine plants, including the Pedicularis
genus, are known to exhibit various levels of PD [6,17]. To break PD, seeds require specific
conditions such as cold or warm stratification or germination-improving chemicals like
GAj3 and KNOj [18,19]. The seeds of the semiparasitic weed P. kansuensis have nondeep PD,
and their germination is promoted by treatments to break seed dormancy [20]. P. fletcheri
has nondeep PD and dormancy cycling. The seeds germinate after winter and early spring
to break dormancy. Therefore, the seeds of P. hallaisanensis do not germinate after dispersal
until PD is broken in their natural habitat. For mass propagation of this species, treatments
to break PD are necessary.

3.4. Cold Stratification

Cold stratification treatments were conducted for 8, 12, 16, and 20 weeks. The seeds of
cold-stratified treatments began germinating five weeks after the temperature was raised
to 25 °C/15 °C. The TG increased with the duration of cold stratification. Seeds stratified
for 8 weeks did not germinate during the experiment. The TG for 12 and 16 weeks of
cold stratification was 15% at 16 weeks after sowing (Figure 5). The total germination for
20 weeks of cold stratification was 45% at 16 weeks after sowing. There was no significant
difference between 12 and 16 weeks of cold stratification. A minimum of 12 weeks of
cold stratification is required, and 20 weeks of cold stratification more efficiently promotes
germination.

100
—@- 0 week
—O— 8 weeks
80 4 —W— 12weeks
—— 16 weeks
—l- 20 weeks
60

Total germination (%)

Time after sowing (weeks)

Figure 5. Total germination percentage in seed of Pedicularis hallaisanensis for 0, 8, 12, 16, and 20 weeks
of cold stratification. The vertical error bars represent SE (n = 3). The different letters represent
statistically significant differences, as determined by Tukey’s HSD tests (p < 0.05).

Cold stratification can prevent germination during the winter, allowing seeds to
germinate under optimal conditions afterward. This dormancy mechanism is shared by
alpine plants that germinate in spring [17,21]. Cold stratification at 0-10 °C breaks PD by
eliminating germination inhibitors (ABA) and increasing germination-promoting hormones
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(GA and IAA) in many species [6,22,23]. The authors of [22] reported that cold stratification
treatment promotes GA and IAA in mature imbibed seeds while decreasing ABA, which
induces seed dormancy in rice. The nondeep PD of P. kansuensis seeds was released by
2-8 weeks of cold stratification [20]. Primula beesiana seeds with PD required 4-16 weeks of
cold stratification to efficiently promote germination by breaking seed dormancy [17].

P. hallaisanensis flowers from August to September, with seed dispersal occurring from
October to November. The dispersed seeds, with fully developed embryos and PD, do not
germinate and undergo cold stratification (under 4 °C) for at least five months (winter to
early spring). This cold exposure breaks their PD without warm stratification, allowing
them to germinate from late spring to early summer.

3.5. Gibberellic Acid Treatments

Gibberellic acid treatment significantly influenced seed dormancy break and germi-
nation. Seeds soaked in GAj3 germinated within 2 weeks at 25 °C/15 °C, while untreated
seeds did not germinate. The germination rate increased with GAj3 concentration. After
2 weeks, the total germination for seeds treated with 500, 1000, 1500, and 2000 mg/L GAs3
was 0%, 25%, 25%, and 80%, respectively (Figure 6). GA treatments at concentrations of
500-1000 mg/L were observed to partially break dormancy and slightly promote germi-
nation. However, these concentrations were deemed insufficient to fully release the seeds
from dormancy. Higher GA3 concentrations resulted in higher total germination, with the
highest total germination served at 2000 mg/L. Therefore, a 2000 mg/L GAj treatment is
effective for breaking the seed dormancy of P. hallaisanensis.

100
—8— GAO
—0— GA 500
—y— GA 1000
80 1 —— GA 1500 a
—_ —m— GA 2000
S
[
S 60
—
«©
£
> 40 -
s
(o]
e % * * |,
20 -
C
0 - - . SR
0 1 2 3 4 5

Time after sowing (weeks)

Figure 6. Total germination percentage in seeds of Pedicularis hallaisanensis with 0, 500, 1000, 1500,
and 2000 mg/L GA treatments. The vertical error bars represent SE (n = 3). The different letters
represent statistically significant differences, as determined by Tukey’s HSD tests (p < 0.05).

Generally, GAs promote seed germination, while ABA induces primary seed dor-
mancy [24]. External treatment with GAs can break dormancy and promote germination
by increasing the internal GA concentration of the seed. In seeds with PD, changes in the
balance of GA and ABA regulate dormancy breaking and germination [7]. Physiological
seed dormancy can be broken by cold stratification and hormone treatments and is sub-
divided into three levels (nondeep, intermediate, and deep) by depth and characteristics.
Deep PD cannot be broken with GA, but nondeep PD and intermediate PD seeds can be.
Nondeep PD requires a relatively short period of cold or warm stratification about a few



Horticulturae 2024, 10, 1188 80f9

days to 2 months, but intermediate PD at least requires 2-3 months of cold stratification for
dormancy break stratification [6,25]. Because the seeds of P. hallaisanensis required a high
GA concentration treatment or 3—4 months of cold stratification to break seed dormancy,
the seed dormancy type of P. hallaisanensis is classified closer to intermediate PD than
nondeep PD.

4. Conclusions

Because seed dormancy type corresponds with dispersal and propagation cycles in
their habitat from an ecophysiological aspect, classifying seed dormancy provides insight
into adaptation strategies for specific species in natural habitats [11,26]. This study revealed
that P. hallaisanensis seeds have intermediate PD. The seeds germinated after a minimum of
12 weeks of cold stratification and treatment with 1000 mg/L GA3 treatments. In natural
habitats, P. hallaisanensis seeds disperse with fully developed embryos and have PD from
August to September. The seeds experience cold stratification (under 4 °C) for winter
(October—February) in the soil for at least five months. Through cold stratification, the
intermediate PD of the seeds is broken, and as temperatures rise the following year, the
seeds germinate.
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