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Abstract: Veronicastrum sibiricum is a perennial species distributed in Korea, Japan, Manchuria, China,
and Siberia. This study aimed to determine the requirements for germination and dormancy break of
V. sibiricum seeds and to classify the kind of seed dormancy. Additionally, its class of dormancy was
compared with other Veronicastrum and Veronica species. V. sibiricum seeds were permeable to water
and had a mature embryo during seed dispersal. In field conditions, germination was prevented
by physiological dormancy, which was, however, relieved by March of the next year, allowing the
start of germination when suitable environmental conditions occurred. In laboratory experiments,
the seeds treated with 0, 2, 4, 8, and 12 weeks of cold stratification (4 °C) germinated to 0, 79, 75, 72,
and 66%, respectively. After the GAj treatment (2.887 mM), >90% of the seeds germinated during
the four incubation weeks at 20/10 °C. Thus, 2.887 mM GAj and at least two weeks at 4 °C were
effective in breaking physiological dormancy and initiating germination. Therefore, the V. sibiricum
seeds showed non-deep physiological dormancy (PD). Previous research, which determined seed
dormancy classes, revealed that Veronica taxa have PD, morphological (MD), or morphophysiological
seed dormancy (MPD). The differences in the seed dormancy classes in the Veronicastrum-Veronica
clade suggested that seed dormancy traits had diverged. The results provide important data for the
evolutionary ecological studies of seed dormancy and seed-based mass propagation of V. sibiricum.

Keywords: cold stratification; physiological dormancy; seed dormancy; seed germination; trait stasis;
Veronica; Veronicastrum

1. Introduction

The most important role of seeds is to keep a species in existence. Accordingly, plants
have evolved various strategies to ensure successful germination of seeds [1]. Germination
is the first step in plant life history. The success of seed germination and seedling establish-
ment can affect features for the propagation of plant species, which are of both economic
and ecologic importance [2].

Veronicastrum sibiricum, which is endemic to Northeast Asia, is distributed in the central
and northern parts of the Korean Peninsula, Far East Russia, Northeast China, Mongolia,
and Northern Japan [3]. V. sibiricum is a perennial herb with a height of 50-90 cm, long, oval
leaves, and light purple flowers in racemes blooming from July to August [3]. The species
belongs to the Scrophulariaceae Juss., which includes approximately 220 genera and 4000
species, with 68 species in 25 genera distributed in South Korea. There are two forms of the
same species of Veronicastrum, V. sibiricum and V. sibiricum £. albiflora T. Yamaz in Korea [4].
The species of Veronicastrum and its closely related genus Veronica are widely distributed in
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the Northern Hemisphere, and in several regions in the Southern Hemisphere [5]. Both
Veronicastrum and Veronica are morphologically closely related. Veronicastrum flowers have
short calyx lobes and long corolla tube, whereas Veronica flowers have long calyx lobes
and short corolla tube [6]. The phylogenetic analysis based on DNA sequences, seed
microstructure [7], and pollen [8] indicate similarity between the two genera.

Traditionally, in South Korea, V. sibiricum roots have been used to treat neuralgia,
arthritis, and inflammation and the young shoots are used as edible herbs [4]. Pharma-
cological studies have indicated the presence of compounds, such as isoferulic acid and
3,4-dimethoxy cinnamic acid, which have anti-inflammatory and analgesic properties [9],
diterpene, which has antioxidant and anticancer properties [10,11], and iridoids for treating
common cold, leucorrhea, cystitis, and liver [12].

Seed dormancy is a survival strategy, wherein germination is blocked under favor-
able environmental conditions [13,14]. Global data on seed dormancy and germination
of 5250 species in major vegetation zones indicated that seeds of 69.6% of the species are
dormant when freshly matured [15]. Strategies to break seed dormancy differ between
species [16]. The seeds of many native plants in temperate regions have relatively small
immature embryos [17]. If embryo elongation and germination stages in such immature
embryos are achieved within 30 d under environmental conditions favorable for germi-
nation, the dormancy type is classified as morphological dormancy (MD) [13]. If there is
an additional dormancy mechanism that inhibits the germination of immature embryos,
the dormancy type is classified as morphophysiological dormancy (MPD). On the other
hand, if a germination-inhibiting mechanism is added to seeds with mature embryos, the
dormancy type is classified as physiological dormancy (PD) [13,15].

Choi [18] and Martinez-Ortega and Rico [19] determined that the genera Veronica and
Veronicastrum are closely related based on the phylogeny results. Furthermore, the seeds of
Veronica parnkalliana, a species native to South Australia, have immature embryos and show
MPD, but 80-90% of the seeds germinated after gibberellic acid (GA) treatment [20]. Fifteen
species of Veronica were classified as having PD, and V. biloba and V. wormskjoldii were found
to have non-dormant seeds [13]. Song et al. [21] reported that eight species of Veronica
native to the Korean Peninsula had MD or MPD. Some closely related species show the
same dormancy type (trait stasis; [22]), whereas some exhibit significant differences in the
type of depth of dormancy (trait divergence; [23]). This implies that during adaptation to
different environments, dormancy patterns are either preserved or changed. Breaking seed
dormancy and different germination traits are ecological characteristics and physiological
control mechanisms of plants [22].

To determine the dormancy class, it is important to establish whether seeds contain
embryos that are fully developed or underdeveloped at maturity and, therefore, if the
embryo must elongate inside the seed before germination. Guerin et al. [20] and Song
et al. [21] measured embryo growth in the seeds of V. parnkalliana and other Veronica
species. However, many previous studies have not accurately measured growth (or the
absence of growth) of the embryo in the seeds of species of Veronica and Veronicastrum [13].
Accurate classification of seed dormancy can provide a comprehensive understanding of
the early stages of the plant life history and further facilitate efficient seed propagation.
Therefore, this study aimed to investigate the seed ecology and physiological characteristics
of V. sibiricum native to the Korean peninsula, to classify its seed dormancy, and develop
technology for mass propagation based on the acquired ecophysiological information.
Additional experiments to analyze the dormancy class of other species, which are closely
related to V. sibiricum, were performed as a comparison.

2. Results
2.1. Internal and External Seed Morphology
V. sibiricum seeds were light yellow and less than 1 mm in length (Table 1). The initial

and prior to germination E:S ratios were 0.84 and 0.91, respectively (Figure 1), with no
significant difference between the two E:S ratios (Figure 1).
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Table 1. Seed collection conditions and basic characteristics of V. sibiricum.

Seed Length Seed Width 100 Seeds

Scientific Name Collection Collection Date

(mm) (mm) Weight (mg)
Veronicastrum Collections of live specimens from genetic 075 +0010% 009 j; 0010 774 4 02007 16 October 2019
sibiricum resources plot, Andong National University, Korea x _ _ 14 September 2020

Zmean * SE (n = 10). ¥ mean =+ SE (1 = 3). * not measured.

10- NS

0.8

i)
©
= 0.6 -
an
W 0.4 -

0.2

Initial At seed coat split

0.0

Figure 1. Embryo to seed length ratio (E:S ratio) at initial stage and seed coat split stage of V. sibir-
icum. Error bars are mean =+ standard error (SE) of ten replicates. The NS represents no-significant
differences as determined by paired t-test.

2.2. Water Absorption Rate

Seed mass increased by more than 20% in 2 h compared to the initial weight, and
increased by more than 30% after 24 h (Figure 2).

2.3. Phenology of Germination

This experiment was conducted to describe the phenology of germination from seeds
kept under field conditions. The first germination event occurred on 26 March 2021 at
daily average maximum and minimum temperatures of 13.1 °C and 4.5 °C, respectively.
In the next two weeks, until 9 April 2021, 95% of the seeds germinated. Thus, in the
natural environment, the seeds germinated about five months after reaching maturity
(Figure 3). The time when seeds germinate is affected by the soil moisture content in
natural conditions. In this experiment, there was little rain at the end of March, but there
was a sufficient amount of rain at the beginning of April. For this reason, germination
could rapidly increase in early April.

2.4. Effect of Light and Temperature on Germination

The germination test showed that only 10% of the seeds germinated at 25/15 °C under
light conditions after 4 weeks of incubation, but they did not germinate at 4, 15/6, and
20/10 °C in light or dark (Figure 4).
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Figure 2. Water uptake by V. sibiricum seeds incubated at 21-26 °C on filter paper moistened with
distilled water for 0-48 h. Error bars indicate mean + SE of four replicates.
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Figure 3. Phenology of germination of V. sibiricum seeds. The phenology experiment was conducted
from 16 October 2020 to 16 April 2021. Vertical bars represent mean + SE of four replicates.
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Figure 4. Germination of V. sibiricum seeds as affected by light conditions in response to four temper-
ature regimes. Germination (%) was calculated at four weeks after incubation. Error bars indicate
mean £ SE of four replicates. Results of a two-way analysis of variance applied to germination
percentages of V. sibiricum seeds affected by light and temperatures - significant at p < 0.0001).

2.5. Effect of Cold Stratification

A significant difference in the germination was found between the control group and
the cold stratification treatment group. In the control group, germination was not observed,

but the germination was more than 60% in all treatment groups after three weeks of culture
(Figure 5).
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Figure 5. Germination of V. sibiricum seeds as affected by cold stratification periods (0, 2, 4, 8, or 12
weeks at 4 °C). Seeds were incubated at 20/10 °C after the stratification treatment. Error bars indicate
mean =+ SE of four replicates. The different letters represent statistically significant differences for
germination percentages according to treatments in the fourth week as determined by the Tukey’s
honestly significant difference (HSD) tests (p < 0.05).



Plants 2022, 11, 160

6 of 13

2.6. Effect of GA3 Treatment

The germination significantly increased with an increase in the GA3 concentration
(Figure 6). In the first week of culture, the germination was 0, 6, 24, and 76% at 0, 0.029,
0.289, and 2.887 mM GA3, respectively; subsequently, in the fourth week of culture, the
germination was less than 20% at 0 and 0.029 mM GA3, 45% at 0.289 mM GA3, and 90% or
more at 2.887 mM GAj; (Figure 6). Thus, the germination was the fastest at 2.887 mM.
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Figure 6. Effect of GAj3 treatment on germination (%) in V. sibiricum seeds in light. Seeds were
incubated at 20/10 °C (12/12 h). The seeds were soaked in 0, 0.029, 0.289, or 2.887 mM GAj3
solution for 24 h. Error bars indicate mean =+ SE of four replicates. The different letters represent

statistically significant differences for germination percentages according to treatments in each week
as determined by Tukey’s HSD tests (p < 0.05).

2.7. Effect of Light on Germination after Cold Stratification

The germination was more than 70% in the second week of culture under both light

and dark conditions (Figure 7). Thus, the seeds could germinate even under dark conditions
after cold stratification.
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Figure 7. Germination of V. sibiricum seeds as affected by light after cold stratification at 4 °C for

2 weeks. Seeds were incubated at 20/10 °C (12/12 h) after cold stratification. Error bars represent
mean =+ SE of four replicates.
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3. Discussion

Mature V. sibiricum seeds were sown in mid-October in phenology experiment. More
than 90% of the V. sibiricum seeds germinated by the end of March in field conditions
when the average maximum temperature for one week was 13.1 °C and the minimum
temperature was 4.7 °C (Figure 3). V. sibiricum seeds did not germinate during winter
and germinated in spring of the following year. In the low-temperature cold stratification
treatment, germination occurred after two weeks (Figure 5). Therefore, in the natural
conditions, the seeds may be in a state of ‘quiescence’ during winter [13], germination did
not occur until late March of the following year due to unfavorable (low) temperatures for
germination.

Soil seed bank is largely divided into transient type and persistent type. Transient
type I seeds germinate in the summer or autumn of the year of seed detachment, whereas
transient type II seeds spend the winter of the year of seed detachment in a dormant state,
and then fully germinate during spring of the following year [24]. After the dormancy was
broken, seeds germinated under dark conditions (Figure 7). Therefore, a short-term soil
seed bank, which was classified as the transient type II, was established by suppressing
seed germination in the same year.

Since mass of the V. sibiricum seeds increased by approximately 30% or more within
24 h compared with the initial mass due to water absorption (Figure 1), the seed coat was
permeable to water [25] and the seeds do not have physical dormancy.

The inner and outer shape of the embryos of V. sibiricum seeds observed in this study
(Table 1 and Figure 8) were similar to those of the linear, axile embryos of the genus
Veronica positioned in the center of the seed, which is classified as dwarf (seed size 0.3-2
mm) [17]. When seeds have an immature embryo that grows within 30 d under favorable
germination conditions, they are considered to show MD [13]. As the difference in the E:S
ratios between the initial point of seed detachment and immediately before germination
were not significant (Figure 1), the embryo was considered to be in a mature state during
detachment. Therefore, seeds of V. sibiricum do not have MD.

When V. sibiricum seeds were cultured for four weeks at various temperature con-
ditions, only 10% germination was observed only at 25/15 °C (Figure 4), indicating that
the seeds were dormant under appropriate environmental conditions [13]. If the seeds
with mature embryos without PY or MD do not germinate within 30 d under favorable
germination conditions, they are considered to exhibit PD [26]. Therefore, the dormancy
type of V. sibiricum seeds was judged as PD. Based on the physiological germination in-
hibition mechanism, PD can be divided into three levels (non-deep, intermediate, and
deep) [27]. Non-deep PD is broken by short-term warm or cold stratification or by GA3
treatment, intermediate PD is broken by cold stratification for at least two months and
GA; treatment, while deep PD is broken by cold stratification for 3-4 months but not
by GAj treatment [26]. V. sibiricum seeds did not germinate in the control that was not
subjected to cold stratification, but germination was more than 60% in the group subjected
to cold stratification for two weeks (Figure 5). Further, germination increased with the
increase in GAj3 concentration, and germination was more than 90% at 2.887 mM GA3
(Figure 6). Therefore, the dormancy was classified as non-deep PD, which was broken by
a relatively short cold stratification period and by the GAj; treatment. We used the seeds
stored for seven weeks at room temperatures in this study. Many seeds with PD show
the effects of dry after-ripening that can release dormancy and promote germination [28].
Therefore, the depth of dormancy may decrease during storage. As a result of a preliminary
experiment immediately after harvesting seeds in 2018, cold stratification for about 2 weeks
was also effective in breaking PD of this species. This means that the relatively short cold
stratification period is effective in breaking the PD. However, since we presented the results
using seeds harvested in 2019 in this study, additional experiments are needed to know the
exact depth of dormancy of seeds immediately after harvesting.
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Figure 8. Germination and radicle emergence in seeds of V. sibiricum. (A) Seed cross section and
germination (the top right seed) at early stages, (B) radicle emergence, and (C) shoot emergence. Scale
bar is 1 mm. (SC = seed coat, EM = embryo, ES = endosperm, RD = radicle, and CO = cotyledon).
The yellow line represents the boundary between the embryo and the endosperm.

The subgenus Pseudolysimachium in the genus Veronica is assumed to have originated
in Northeast Asia, and the differentiation of the genus may have occurred from Northeast
Asia to Korea, Japan, China, and Europe [18]. Recently, several species of Veronica such as
V. dahurica, V. rotunda, V. kiusiana var. diamantiaca, V. pusanensis, V. rotunda var. subintegra, V.
nakaiana, V. pyrethrina, and V. kiusiana var. glabrifolia that are native to the Korean Peninsula
have been placed in the Pseudolysisimachion reflecting the results of various molecular
data [29]. In the Cenozoic Era, during which time the genus Pseudolysisimachium originated,
Northeast Asia and North America were separated. Consequently, the subgenus was
distributed locally only in the northern hemisphere, except in North America, due to the
formation of a large mountain range in the lower regions of Northeast Asia [18]. Compara-
tive analysis of chloroplast genomes in three species of the genera Veronica and the genus
Veronicastrum revealed that the species had identical coding genes, tRNA and rRNA [30].
Therefore, the species of the two genera were considered phylogenetically closely related.
We collected information on the class of seed dormancy of species of Veronica and Veronicas-
trum in previous research (Table 2). In previous studies, seed dormancy of V. virginicum and
V. parnkalliana was classified as PD and MPD, respectively [20]. Song et al. [21] analyzed
the ratio of embryo length to seed length (E:S ratio) in eight species of the genus Veronica (V.
dahurica, V. rotunda, V. kiusiana var. diamantiaca, V. pusanensis, V. rotunda var. subintegra, V.
nakaiana, V. pyrethrina, and V. kiusiana var. glabrifolia) native to the Korean Peninsula and
found that the radicles in all eight species emerged after the E:S ratio increased from 18.8%
to 58.0%. Among these species, seven had MD, and V. kiusiana var. diamantiaca had the
characteristics of both MD and MPD at the population level [21]. Therefore, class of dor-
mancy was differentiated at the species and genus level. Moreover, when the physiological
characteristics of a species do not change during adaptation, the phenomenon is defined as
“trait stasis.” Conversely, when physiological characteristics change during adaptation, the
phenomenon is defined as “adaptation (or trait divergence)” [22]. Therefore, the findings of
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this study indicated that divergence occurred during dormancy in the closely related taxa
because of the variation in embryo size and the different dormancy breaking requirements
in species of the sister genera Veronicastrum and Veronica. The results of this study provide
important preliminary data for the evolutionary ecological studies on seed dormancy and
seed-based mass propagation in V. sibiricum.

Table 2. Seed dormancy classes in Veronica and Veronicastrum taxa.

. Dormancy References for
z
Taxa Native to Classes Dormancy Classes
Verqn‘z C.a strim Siberia to Japan and N. China PDY
sibiricum
Veronicastrum Central and E. Canada to PD
virginicum Central and E. USA
Veronica americana Central and E. Canada to PD
Central and E. USA [13]
Macaronesia, NW. Africa,
Veronica arvensis Europe to SW. Siberia and PD
W. Himalaya
. s Macaronesia, Europe to Medit.
Veronica hederifolia and Central Asia PD
. .. Macaronesia, Europe to W.
Veronica officinalis Siberia and N. Tran. PD
Veronica peregrina North and South America PD
Veronica persica Caucasus to N. Iran PD
Veronica cana Himalaya to China (NW. PD
Yunnan) and N. Myanmar
Veronica wormskjoldii E. USA to Greenland ND
Veronica parnkalliana SE. South Australia MPD [20]
Veronica dahurica Korea MD
Veronica rotunda Korea MD
Veronica pusanensis Korea MD
Veronica 'rotunda var. Korea MD [21]
subintegra
Veronica nakaiana Korea MD
Veronica pyrethrina Korea MD
Veronica kzyszqna var. Korea MD
glabrifolia
Verom.ca kzus.zana var. Korea MD + MPD
diamantiaca
Verqn.z C.a strum Siberia to Japan and N. China ~ Non-deep PD Present study
sibiricum

* Native ranges of each taxon are based on the data of ‘Korea Biodiversity Information System (KBIS), Korea
National Arboretum’ or ‘Plants of the World Online, Kew’. Y PD: physiological dormancy, ND: non dormancy,
MPD: morphophysiological dormancy, MD: morphological dormancy.

4. Materials and Methods
4.1. Experimental Materials

The V. sibiricum seeds used in this study were harvested from the parent plant grown
at the Andong National University affiliated farm (36°32'40” N 128°48'03” E) in Andong-
si, Gyeongsangbuk-do on 16 October 2019. After harvesting, the seeds were dried in a
laboratory at 21-27 °C for seven weeks before storing in a cold storage facility at 0 °C
(DOI1815DOP; Winiamando, Gwangju, Korea) for further experimental use. Laboratory
experiment was started at 2 weeks after storing the seeds at 0 °C. The seeds for phenol-
ogy experiments to determine seed dormancy were harvested from the same area on 14
September 2020.



Plants 2022, 11, 160

10 0f 13

4.2. Analysis of Internal and External Seed Morphology

To observe the internal and external morphology of seeds, the seeds were cut with
a stainless steel razor blade (Dorco, Korea), and the resultant cross sections were pho-
tographed at 200-210 x magnification under a USB microscope (AM3111 Dino-Lite premier;
AnMo Electronics Co., Taiwan). Further, to determine whether the photographed seeds
comprised immature embryos, embryos at the time of early detachment and just before
germination were investigated, and the corresponding E:S length ratio was calculated.

4.3. Water Absorption

Water absorption was examined to identify the presence or absence of physical dor-
mancy in the V. sibiricum seeds. Twenty seeds were placed in Petri dishes (90 x 15 mm;
diameter x height) lined with two sheets of filter paper (ADVANTEC No. 1; Toyo Roshi
Kaisha, Ltd., Tokyo, Japan) and added with distilled water (=15 mL), and then cultured at
21-27 °C; four replicates were prepared per treatment. The seeds were not submerged in
this experiment. The reason is that it was able to supply sufficient moisture without being
submerged in our preliminary experiment. The distilled water was added as needed to keep
the seeds moist. The initial weight of the seeds before water absorption and final weights
after 2, 4, 8,12, 24, and 48 h of water treatment were measured. The water absorption rate
was calculated as follows:

Ws (%) = [(Wn — Wj)/Wi] x 100

where W; is relative weight ratio of seeds increased through water absorption, Wy, is the
weight per culture time, and W; is weight of seeds before water absorption.

4.4. Phenology of Germination

This experiment was started after about 4 weeks of harvesting the seeds on 14 Septem-
ber 2020. The seeds were stored at the laboratory conditions before being used for the
phenology experiment. The germination phenology experiment was conducted from 16
October 2020 to 16 April 2021 at the above-mentioned farm. There are several herbaceous
plants growing around V. sibiricum in their native habitats. When the V. sibiricum seeds
fall to the ground, direct sunlight was blocked by the plants. Therefore, a light-shielding
film was installed where the seeds were planted to prevent direct sunlight exposure to
the ground surface. Temperature data were collected using a sensor connected to a data
logger (3683WD1; Spectrum Technologies, Inc., Aurora, IL, USA). The sensor was buried at
a depth of 3 cm during the experiment, and the temperature was recorded every 30 min.

To observe the seasonal germination response of the seeds, the germination was
investigated weekly by exhuming the seeds in a phenology plot of the experimental farm.
For the germination experiment, the seeds were wrapped in a plastic mesh filled with
sand, and buried to a depth of 3 cm by filling the plastic pot with a horticultural substrate
(Sunshine Mix #4; SunGro Horticulture, Agawam, MA, USA). This plastic pot was buried
in the ground at a height similar to that of the top soil. Four replicates, each of 20 seeds per
pot, were prepared. Once the emerged radicle reached a length of 1 mm, the seeds were
regarded as germinated and were removed immediately.

4.5. Effect of Light and Temperature on Germination

The seeds to be cultured were sterilized in 500 mg-L~! diluted solution of benomyl
(a fungicide) for 4 h. Petri dishes (90 x 15 mm) were lined with two sheets of filter paper
(ADVANTEC No. 1; Toyo Roshi Kaisha, Ltd., Tokyo, Japan), and 20 seeds were placed in
each dish; four replicates were prepared per treatment. Distilled water (=10 mL) was added
to prevent the desiccation of the seeds. The seeds were cultured in a multi-room incubator
(HB-101-4; HANBAEK-Scientific, Bucheon, Korea) at 25/15, 20/10, and 15/6 °C for 12/12
h of day/night and the photosynthetic photon flux density (PPFD) of 63.46 pmol-m~2.s~1.
Culturing at 4 °C was conducted in a growth chamber (HB-603CM; HANBAEK-Scientific,
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Bucheon, Korea) under PPFD of 2.56 pmol~m’2-s’1. For incubation in dark conditions,
petri dishes were wrapped in double aluminum foil to prevent the exposure of seeds
to light. The seeds were examined each week and after four weeks, when the emerged
radicle reached 1 mm in length, the seeds were considered germinated. Subsequently, the
germinated seeds were counted and removed from the petri dish.

4.6. Effect of Cold Stratification

The effects of cold stratification were determined to understand whether the dormancy
could be broken by cold stratification. Twenty sterilized seeds per replicate, four replicates
per treatment, were placed in Petri dishes (90 x 15 mm) lined with two sheets of filter
paper (ADVANTEC No. 1) and transferred to a growth chamber at 4 °C. Cold stratification
at 4 °C was conducted in a growth chamber (HB-603CM; HANBAEK-Scientific, Bucheon,
Korea) under PPFD of 2.56 pmol-m~2-s~!. After the cold stratification treatment for 0, 2, 4,
8, and 12 weeks, seeds were incubated in light at 20/10 °C.

4.7. Effect of GA3z Treatment

The effects of GA3 on dormancy break were analyzed by immersing the sterilized
seeds in 0, 0.029, 0.289, and 2.887 mM GA3 solution for 24 h, after which they were rinsed
with distilled water for 3 min and disinfected with benomyl wettable powder (500 mg-L~1)
for 4 h. The seeds were sown in Petri dishes as described above and incubated at 20/10 °C.
Distilled water was supplied to prevent desiccation.

4.8. Effect of Light on Germination after Cold Stratification

The germination percentages based on varying incubation light conditions (light or
dark) were determined. Twenty sterilized seeds per replicates, four replicates per treatment,
were placed in Petri dishes and cold stratified at 4 °C for 2 weeks. The dishes of seeds in the
dark treatment were wrapped with aluminum foil to protect the seeds from being exposed
to any light. After the cold stratification treatment, both treatment groups were incubated
at 20/10 °C for 4 weeks with 12/12 h of day/night and the photosynthetic photon flux
density (PPFD) of 63.46 pmol-m—2-s~ 1.

4.9. Statistical Analysis

Analysis of variance was performed on the collected data using SAS 9.4 (SAS Institute
Inc., Cary, NC, USA). Significant differences in embryo to seed length ratio (E:fvS ratio)
at initial stage and seed coat split stage were determined by paired t-test at p < 0.05. To
determine the statistical significance of the percentage germination between different
treatments, Tukey’s honestly significant difference (HSD) test at p < 0.05 was used. The
graphs were prepared using Sigma Plot 10.0 (Systat Software Inc., San Jose, CA, USA).

5. Conclusions

The seeds of V. sibiricum have fully developed embryos upon dispersal from their
parent plants, and they exhibit non-deep PD. The seed dormancy was broken by more
than 2 weeks of cold stratification at 4 °C. GAj3 treatment substituted for cold stratification
requirements: 90% of the seeds germinated after 4 weeks of incubation at 20/10 °C after
a GAj3 soaking treatment at 2.887 mM. There were differences in seed morphological and
physiological traits between Veronicastrum and Veronica clade, indicating seed dormancy
traits had diverged. The information obtained in this study could be used for commercial
propagation of this plant and for the study of evolutionary mechanisms underlying seed
dormancy in the Veronicastrum and Veronica clade.

Author Contributions: Conceptualization, Y.H.R. and S.Y.L.; Data curation, G.H.J.; Funding acqui-
sition, S.Y.L.; Investigation, G.H.J., JM.C. and S.Y.L.; Supervision, S.Y.L.; Writing—original draft,
G.HJ., J.M.C. and Y.H.R.; Writing—review and editing, S.Y.L. All authors have read and agreed to
the published version of the manuscript.



Plants 2022, 11, 160 12 0f 13

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1G1A1014598) and the KIST ORP program
(BlueBell Research program 2E31300-21-147).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Nonogaki, H. Seed dormancy and germination—Emerging mechanisms and new hypotheses. Curr. Biol. 2014, 27, 853-909.
[CrossRef]

2. Rajjou, L.; Duval, M,; Gallardo, K.; Catusse, J.; Bally, J.; Job, C.; Job, D. Seed germination and vigor. Annu. Rev. Plant. Biol. 2012,
63, 507-533. [CrossRef]

3. Korea Biodiversity Information System (KBIS) (Naengcho). Korea Biodiversity Information System, an Illustrated Plant. Book.
Available online: http://www.nature.go.kr/kbi/plant/pilbk/selectPlantPilbkDtl.do (accessed on 1 November 2021).

4. Chung, ].M,; Cho, S.H.; Kim, Y.S.; Kong, K.S.; Kim, H.].; Lee, C.H.; Lee, H.]J. Ethnobotany in Korea: The Traditional Knowledge and Use
of Indigenous Plans; Korea National Arboretum: Pocheon, Korea, 2017.

5. Ellmouni, EY.; Karam, M.A; Alil, RM.; Albach, D.C. Systematic treatment of Veronica L. Section beccabunga (Hill) Dumort
(Plantaginaceae). Tneckholmia 2018, 38, 168-183. [CrossRef]

6.  Flora of Korea Editorial Committee (FKEC). The Genera of Vascular Plants of Korea; Academy Publishing Co.: Seoul, Korea, 2018.

7. Murnoz-Centeno, L.M.; Albach, D.C.; Sanchez-Agudo, ].A.; Martinez-Ortega, M.M. Systematic significance of seed morphology in
Veronica (Plantaginaceae): A phylogenetic perspective. Ann. Bot 2006, 98, 335-350. [CrossRef]

8.  Marinez-Ortega, M.M.; Sanches, ].S.; Rico, E. Palynological study of Veronica Sect. Veronica and Sect. Veronicastrum (Scrophulari-
aceae) and its taxonomic significance. Grana 2000, 39, 21-31. [CrossRef]

9.  Zhou, B.; Meng, X. Pharmacological study on Veronicastrum sibiricum (L.) Pennell. Zhongguo Zhong Yao Za Zhi 1992, 17, 493-496.
[PubMed]

10. Kostenko, S.; Khan, M.T.; Sylte, I.; Moens, U. The diterpenoid alkaloid noroxoaconitine is a Mapkap kinase 5 (MK5/PRAK)
inhibitor. Cell Mol. Life Sci. 2011, 68, 289-301. [CrossRef] [PubMed]

11. Gao, W,; Zhang, R; Jia, W.; Zhang, ].; Takaishi, Y.; Duan, H. Immunosuppressive diterpenes from Veronicastrum sibiricum. Chem.
Parm. Bull. 2004, 52, 136-137. [CrossRef] [PubMed]

12. Lee, S.Y.; Yu, S.J.; Chi, H.J. Chemical components of the root of Veronicastrum sibiricum Pennell. Kor. ]. Pharmacogn. 1987,
18, 168-176.

13.  Baskin, C.C.; Baskin, ].M. Seeds: Ecology, Biogeography, Evolution of Dormancy and Germination; Academic Press: San Diego, CA,
USA, 2014.

14. Finch-Savage, W.E.; Leubner-Metzger, G. Seed dormancy and the control of germination. New Phytol. 2006, 171, 501-523.
[CrossRef]

15. Baskin, C.C.; Baskin, ].M. Germinating seeds of wildflowers: An ecological perspective. HortTechnology 2004, 14, 467-473.
[CrossRef]

16. Hepp, J.; Gomez, M.; Leon-Lobos, P.; Montenegro, G.; Vilalobos, L.; Contreras, S. Characterisation of seed dormancy of 12 Chilean
species of Nolana (Solanaceae) from the coastal Atacama Desert. Seed Sci. Res. 2021, 31, 20-29. [CrossRef]

17.  Martin, A.C. The comparative internal morphology of seeds. Am. Midl. Nat. 1946, 36, 513—-660. [CrossRef]

18. Choi, K.S. Phylogeny and Biogeography of the Veronica L. Subgenus Pseudolysimachium (W.D.]. Koch) Buchenau. Ph.D. Thesis,
Yeungnam University, Gyeongsan, Korea, 2016; pp. 1-179.

19. Marinez-Ortega, M.M.; Rico, E. Seed morphology and its systematic significance in some Veronica species (Scrophulariaceae) mainly
from the Western Mediterranean. Plant. Syst. Evol. 2001, 228, 15-32. [CrossRef]

20. Guerin, J.; Thorpe, M.; Duval, D.; Jusaitis, M.; Ainsley, P. Germination of Veronica parnkalliana seeds in response to seasonal and
fire cues. In Proceedings of the 5th Global Botanic Gardens Congress, Dunedin, New Zealand, 20-25 October 2013; pp. 1-6.

21. Song, S.; Shin, U.; Oh, H.; Kim, S.; Lee, S.Y. Seed germination responses and interspecific variations to different incubation
temperatures in eight Veronica species native to Korea. Hortic. Sci. Technol. 2019, 37, 20-31. [CrossRef]

22. Adams, C.A; Baskin, ].M.; Baskin, C.C. Traits stasis versus adaptation in disjunct relict species: Evolutionary changes in seed
dormancy-breaking and germination requirements in a subclade of Aristolochia subgenus Siphisia (Piperales). Seed Sci. Res. 2005,
15,161-173. [CrossRef]

23. Vandelook, F; Lenaerts, ].; Van Assche, J.A. The role of temperature in post-dispersal embryo growth and dormancy break in
seeds of Aconitum lycoctonum L. Flora 2009, 204, 536-542. [CrossRef]

24. Thompson, K.; Grime, ].P. Seasonal variation in the seed banks of herbaceous species in ten contrasting habitats. J. Ecol. 1979, 67,

893-921. [CrossRef]


http://doi.org/10.3389/fpls.2014.00233
http://doi.org/10.1146/annurev-arplant-042811-105550
http://www.nature.go.kr/kbi/plant/pilbk/selectPlantPilbkDtl.do
http://doi.org/10.21608/taec.2018.5481.1000
http://doi.org/10.1093/aob/mcl120
http://doi.org/10.1080/00173130150503777
http://www.ncbi.nlm.nih.gov/pubmed/1482539
http://doi.org/10.1007/s00018-010-0452-1
http://www.ncbi.nlm.nih.gov/pubmed/20640477
http://doi.org/10.1248/cpb.52.136
http://www.ncbi.nlm.nih.gov/pubmed/14709882
http://doi.org/10.1111/j.1469-8137.2006.01787.x
http://doi.org/10.21273/HORTTECH.14.4.0467
http://doi.org/10.1017/S0960258520000434
http://doi.org/10.2307/2421457
http://doi.org/10.1007/s006060170034
http://doi.org/10.12972/kjhst.20190003
http://doi.org/10.1079/SSR2005207
http://doi.org/10.1016/j.flora.2008.11.003
http://doi.org/10.2307/2259220

Plants 2022, 11, 160 13 of 13

25.

26.
27.

28.

29.

30.

Baskin, C.C.; Baskin, ].M. When breaking seed dormancy is a problem try a move-along experiment. Nat. Plants 2003, 4, 17-21.
[CrossRef]

Baskin, C.C.; Baskin, ].M. A classification system for seed dormancy. Seed Sci. Res. 2004, 14, 1-16. [CrossRef]

Nikolaeva, M.G. Factors controlling the seed dormancy pattern. In The Physiology and Biochemistry of Seed Dormancy and
Germination; Khan, A.A., Ed.; Elsevier: Amsterdam, The Netherlands, 1977; pp. 51-74.

Baskin, C.C.; Baskin, ].M. Breaking seed dormancy during dry storage: A useful tool or major problem for successful restoration
via direct seeding? Plants 2020, 9, 636. [CrossRef] [PubMed]

Chang, K.S.; Son, D.C.; Lee, D.H.; Choi, K.; Oh, S.H. Checklist of Vascular Plants in Korea; Korea National Arboretum: Pocheon,
Korea, 2017.

Choi, K.S.; Chung, M.G.; Park, S. The complete chloroplast genome sequences of three Veroniceae species (Plantaginaceae):
Comparative analysis and highly divergent regions. Front. Plant. Sci. 2016, 7, 355. [CrossRef] [PubMed]


http://doi.org/10.3368/npj.4.1.17
http://doi.org/10.1079/SSR2003150
http://doi.org/10.3390/plants9050636
http://www.ncbi.nlm.nih.gov/pubmed/32429336
http://doi.org/10.3389/fpls.2016.00355
http://www.ncbi.nlm.nih.gov/pubmed/27047524

	Introduction 
	Results 
	Internal and External Seed Morphology 
	Water Absorption Rate 
	Phenology of Germination 
	Effect of Light and Temperature on Germination 
	Effect of Cold Stratification 
	Effect of GA3 Treatment 
	Effect of Light on Germination after Cold Stratification 

	Discussion 
	Materials and Methods 
	Experimental Materials 
	Analysis of Internal and External Seed Morphology 
	Water Absorption 
	Phenology of Germination 
	Effect of Light and Temperature on Germination 
	Effect of Cold Stratification 
	Effect of GA3 Treatment 
	Effect of Light on Germination after Cold Stratification 
	Statistical Analysis 

	Conclusions 
	References

