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Abstract

Ferula ovina is a perennial Apiaceae with great medicinal and economic value. This study was
conducted to better understand the dormancy and germination behaviour of its seeds.
Experiments included temperature requirements for both embryo growth and germination
under field and laboratory conditions, the effects of warm stratification, gibberellic acid
(GA3), dry after-ripening, exogenous hydrogen peroxide (H2O2) and diphenyleneiodonium
(DPI) on dormancy, localizing the accumulation of superoxide (O2

−) and measuring endogen-
ous contents of H2O2 in embryos during cold and warm stratification. Embryos were under-
developed and did not germinate within one month at temperatures higher than 10°C. Among
all treatments, cold stratification and exogenous H2O2 could break dormancy. However, the
application of DPI reduced growth and the germination of the embryo at 3°C. During cold
stratification, the embryonic axes elongated more than the cotyledons, which coincided
with earlier production of O2

− in the axes. Only these embryos could eventually complete
growth and germinate. Moreover, such asymmetric growth between the axes and cotyledons
was also observed when seeds were treated with exogenous H2O2. On the other hand, both
axes and cotyledons displayed the same growth over treatments with warm stratification
and DPI. Overall, seeds of F. ovina exhibit the characteristics of deep complex morphophysio-
logical dormancy. Moreover, the embryos solely require cold to complete growth and to ger-
minate, and this process seems to be mediated by reactive oxygen species. Under natural
conditions, seeds germinate during winter in cold soil, and shoots emerge in spring.

Introduction

The demand for medicinal plants is increasing in both developing and developed countries
because they are non-narcotic, generally free of side-effects, and easily available at affordable
prices (Tewari, 2000). There is a large number of medicinal species in Iran, and some of the
most important ones belong to the genus Ferula (Apiaceae), which includes about 213 species
based on The Plant List (2013). In Iran, Ferula is represented by 30 species, of which 15 are
endemic (Sattar and Iranshahi, 2017), and almost all of them are perennials. Ferula ovina is an
Iranian Ferula, and is spread across vast areas in the eastern and central parts of the country at
altitudes of 2000‒4000 m with an average annual precipitation of 350‒700 mm (Safaian and
Shokri, 1993). Moreover, it is a source of aromatic resins used in traditional medication
(Kurzyna-Młynik et al., 2008).

There are some common problems in growing medicinal plants. First, they usually germin-
ate better within their native environments, and they often fail to show good germination
under laboratory conditions or when cultivation is attempted (Nadjafi et al., 2006).
Moreover, seeds often take a long time to germinate, which is not favourable for propagation.
Seed dormancy and the long germination period are major problems for Ferula species, and
the seeds germinate poorly or not at all in warm conditions (Nikolaeva, 1969). Therefore, des-
pite their economic significance, there are still problems with their cultivation (Nadjafi et al.,
2006 and Rahnama-Ghahfarokhi and Tavakkol-Afshari, 2007; Keshtkar et al., 2008, 2009).

Previous studies have classified F. ovina as having physiological dormancy, since cold strati-
fication had been suggested as the main dormancy-breaking treatment (Amooaghaie, 2004;
Keshtkar et al., 2008). However, we believe that these studies have not shown a complete pic-
ture of dormancy in F. ovina. The existence of morphophysiological dormancy (MPD) is very
frequent in the Apiaceae (Baskin et al., 1992, 1995, 2000; Phartyal et al., 2009; Vandelook et al.,
2008, 2009; Scholten et al., 2009; Yaqoob and Nawchoo, 2015). Also in the case of closely
related species of F. gummosa and F. asafoetida, there are reports of MPD (Otroshi et al.,
2009; Rouhi et al., 2012). Additionally, there are contradictions concerning the effect of gib-
berellic acid (GA3) on dormancy break. Even though previous studies on F. ovina have
reported its positive effect (Amooaghaie, 2004; Keshtkar et al., 2008), some studies on other
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species of this genus (F. gummosa and F. asafoetida) have
reported otherwise (Hassani et al., 2009; Otroshi et al., 2009).

According to Baskin and Baskin (2014), linear embryos in the
Apiaceae are under-developed, and seeds have morphological
dormancy (MD) or MPD. Normally, seeds with MD only need
suitable temperature, moisture, oxygen, and of course time to ger-
minate (Baskin and Baskin, 2014). However, in many cases, the
fully differentiated under-developed embryos also have physio-
logical dormancy (PD), which imposes an additional constraint
to germination; such embryos do not germinate in less than
one month in suitable germination conditions. In this case, the
dormancy is not just morphological but morphophysiological
(MPD), and the embryos require additional treatment, such as
cold, to complete their growth. Therefore, if the fresh seeds of
F. ovina or any other seeds, with under-developed embryos, do
not germinate in about 4 weeks, they have MPD, which means
they possess both MD and PD simultaneously (Baskin and
Baskin, 2014).

After defining the class of dormancy, the level of dormancy
needs to be specified. MPD includes nine different levels, depend-
ing on the temperatures to break PD and MD and the effect of
GA3 on dormancy break (Baskin and Baskin, 2014). In addition,
the timing of breaking both PD and MD could be different as
well; they might occur at the same time or each one could follow
or precede the other. These nine levels are as follows:

(1) Non-deep simple ‒ embryos grow at high temperatures,
whether during autumn or spring (Baskin et al., 2002);

(2) Non-deep complex ‒ with a PD that is released during
autumn or both autumn and winter, and the embryos grow
in winter;

(3 and 4) Deep simple and intermediate simple ‒ both include a
PD with two parts: one is non-deep and is broken by
warm, and the other is deep and is broken by cold tem-
peratures. Once the PD is broken, embryos germinate
during spring (Chien et al., 2011). However, they are
distinguished based on their responses to GA3;

(5 and 6) Deep complex and intermediate complex ‒ both only
require cold temperatures to break both MD and PD.
GA3 could substitute for cold in intermediate complex,
but not in deep complex;

(7 and 8) Deep simple epicotyl and non-deep simple epicotyl ‒
other than the embryos, the shoots (epicotyl) also
have dormancy (PD). In deep simple epicotyl dor-
mancy, the embryos elongate within the seed and the
radicle emerges in autumn, but cotyledons emerge in
spring only if seeds with emerged radicles receive
enough cold during winter to break dormancy
(Kondo et al., 2004). However, in non-deep simple epi-
cotyl, a period of warm stratification is required for
embryo growth and root emergence, which is followed
by another period of warm needed for breaking epi-
cotyl dormancy (Baskin et al., 2008);

(9) Deep simple double ‒ in the first winter, cold stratification
breaks one part of the PD and the embryo initiates growth
and the radicle emerges in the first spring. Moreover, in the
second winter, the PD of the epicotyl is broken by cold,
and the shoot emerges in the second spring.

Out of these nine MPDs, only three levels have been reported
in Apiaceae: non-deep simple, non-deep complex, and deep com-
plex. To determine the level of dormancy in F. ovina, we must

answer three questions: (1) what is the temperature requirement
for breaking dormancy?; (2) can GA3 can substitute for cold
and break the dormancy?; and (3) can warm stratification and
dry after-ripening reduce dormancy?

Different levels of MPD, like other dormancy types, have
evolved in the habitat where the species grows, and only in one
direction: synchronizing seedling establishment with the most
favourable period for survival, and to survive conditions that
are not suitable for seedling establishment. For example, the for-
mation of deep complex MPD seems to be an adaptation to
regions with a very cold winter and a dry, cool summer. In
these areas, temporary sporadic favourable temperatures (elevated
temperature) in winter or too early in winter are threatening for
seedling establishment. Therefore, the dormancy helps seeds to
remain ungerminated throughout the winter. Moreover, the low
temperatures alleviate dormancy and once dormancy breaks,
two possible scenarios might occur: non-dormant seeds either
wait for a mild and moist spring to germinate (Baskin et al.,
1992), or they germinate at low temperatures in the middle of
winter in cold soil, even covered with heavy snow, until late win-
ter; while the shoots grow and emerge above the soil surface with
the increase in temperature (Baskin et al., 1995).

Other than identifying the class and the level of dormancy, the
study of the physiological processes involved in dormancy break is
important as well. Recent findings have proved that reactive oxy-
gen species (ROS) play important roles in dormancy break.
El-Maarouf-Bouteau and Bailly (2008) argued that GA3’s ability
to alleviate dormancy is controlled by nitric oxide (NO) and
that the elevation of ROS compounds like H2O2 in the embryos
could induce the production of NO. Moreover, ROS radicals
could induce embryo growth and break morphological dormancy.
For example, ROS are suggested to mediate the breakdown of the
seed reserves during cold stratification. In the course of cold strati-
fication in apple seeds (cold is necessary for both embryo growth
and release of PD), the amount of hydrogen cyanide (HCN)
increases. HCN strongly affects the catabolism of reserves and
supplies the embryo with energy throughout cold stratification
(Lewak, 2011). The dormancy-breaking role of cyanide has been
demonstrated to be under the control of ROS (Oracz et al.,
2009). Additionally, ROS compounds have been suggested as sub-
stances contributing to cell elongation during seed germination by
loosening the cell walls (El-Maarouf-Bouteau and Bailly, 2008;
Müller et al., 2009). In lettuce, ROS is directly responsible for the
endosperm cap weakening and embryo elongation and treatments
with exogenous H2O2 significantly improved embryo growth poten-
tial and germination (Zhang et al., 2014). Therefore, the involve-
ment of these compounds in both embryo growth and release of
physiological dormancy suggest that they are promising factors to
overcome different levels of morphophysiological dormancy.

The first part of this study had three specific goals: (1) to
determine the exact level of dormancy, (2) to investigate the opti-
mum temperatures for both dormancy break and germination,
and (3) to assess the phenology and the ecological pattern of
seed germination in the local environment. In addition, we inves-
tigated the physiological processes underlying the effect of low
temperature on dormancy break. Accordingly, we studied the
effect of both H2O2 and diphenylene iodonium (DPI), an
NADPH oxidase inhibitor that suppresses the production of
ROS radicals, on the alleviation of dormancy. We also examined
the endogenous level of H2O2 and localized the superoxide (O2

−)
production in embryos during stratification treatments, using the
nitro blue tetrazolium (NBT) histochemical staining technique.
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Materials and methods

Seed collection and preparation

Fresh seeds of Ferula ovina were purchased in early August 2014
from the Pakan Seed Company in Isfahan. According to the com-
pany, seeds were collected during mid-July from rangelands of
Fereydunshahr County, Isfahan Province, Iran (32° 37′ N, 51°
40′ E), and after collection seeds were dried and stored at room
temperature (20°C). After the purchase, seeds were kept under
similar conditions for one month prior to the experiments.
Altogether, 45 days passed from collection until the experiments
commenced. In the laboratory, seeds were rinsed with running
water, surface sterilized by soaking in 2.5% sodium hypochlorite
for 5 min, and rinsed again with deionized water. The experi-
ments were conducted in germinators with constant temperature
and with white fluorescent lights (intensity of 100 µM m‒2 s‒1).

Phenology of embryo growth and germination

In early October 2014, 24 nylon bags were filled with farm soil
and buried at the research farm of the University of Tehran:
twenty bags, each containing 50 seeds, were buried at a depth
of 5 cm to study embryo growth and germination, whereas the
four remaining bags, each containing 200 seeds, were buried at
a depth of 2 cm to study seedling emergence. The experiments
were conducted near the farm’s meteorological station. Daily min-
imum and maximum temperatures at soil depth of 5 cm were
recorded three times a day using ground thermometers, and aver-
aged on a monthly basis. Seeds were treated with Vitavax powder,
to prevent damage by insects. Beginning in late October (20 days
after sowing), the bags were exhumed at 10-day intervals, and
other than counting the germination, the embryo to seed length
ratio (E:S ratio) of 20 randomly selected non-germinated seeds
was assessed. The embryos were excised from seeds using a surgi-
cal blade, and the lengths were measured under a dissecting
microscope equipped with a micrometre. Germinated seeds
were excluded from the calculations; instead, we applied the crit-
ical E:S ratio, which was calculated as the average E:S ratio of seeds
with a split coat, but no radicle protrusion.

Temperature requirements for embryo growth and
germination

The first aim of this experiment was to determine whether seeds
were dormant, and if so, which kind (MD or MPD). The second
aim was to determine the optimum temperatures for embryo
growth and dormancy break. Twelve nylon bags each including
100 seeds in four replicates (25 moist seeds placed on moist filter
paper in 9 cm diameter glass Petri dishes) were exposed to con-
tinuous light (cool white fluorescent tubes) at six temperatures:
0.5 ± 1, 3 ± 0.2, 5 ± 0.5, 10 ± 0.7, 15 and 25°C for 10 weeks.
There were six bags for calculating the percentage of germination,
and other bags each of which with 200 seeds, were used for meas-
uring embryo and seed length. Germinated seeds were counted at
weekly intervals and the total percentage of germination was cal-
culated. Additionally, the embryo length to seed length (E:S) ratio
was determined for 20 non-germinated seeds. To determine the
optimal incubation temperature for germination, ten bags of
200 seeds were placed at 3°C for 2, 3 and 4 weeks and then trans-
ferred to incubation temperatures of 3, 5, 10 and 15°C for about
one month. Those seeds that had already germinated during
stratification were left out during the transfer and the final

germination was assessed on the basis of the remaining non-
germinated seeds.

Effect of warm stratification, dry after-ripening, darkness and
GA3 on breaking dormancy

Eight bags, each containing 100 seeds, were prepared for three
separate treatments. Two bags were wrapped with two layers of
aluminium foil as the treatment of darkness; two bags were stored
at room temperature for one year as the treatment of dry after-
ripening; four bags were warm stratified at 20°C for 60 and 90
days. Afterwards, all bags were transferred to germination condi-
tion (3°C) for 5 weeks. For the other experiment, fresh intact
seeds of F. ovina were treated with three concentrations of 0.03,
0.3 and 3 mM of GA3 at two temperatures of 3 and 15°C for 5
weeks. The gibberellic acid powder was dissolved in deionized
water and the pH was adjusted to 6.5 with 0.5 mM KOH.

H2O2 content and localization of O2
− production

Embryos of seeds stratified at 3 and 15°C were excised on a weekly
basis for a period of 28 days. Isolated embryos were immediately
frozen in liquid nitrogen and kept at ‒80°C. Because embryos
were so small, many of them were extracted for each sample in
order to reach an overall mass of 0.5 g. Endogenous H2O2 was
determined according to Loreto and Velikova (2001). Embryos
(0.35 g) were ground in liquid nitrogen with a pestle and mortar
and then homogenized in an ice bath with 5 ml of 0.1% trichloro-
acetic acid (TCA). The homogenate was centrifuged at 12,000 g
for 15 min, and 0.5 ml of the supernatant was added to 0.5 ml
of 10 mM potassium phosphate buffer (pH 7.0) and 1 ml of 1
M potassium iodide. The absorbance of the supernatant was mea-
sured at 390 nm with a spectrophotometer (Shimadzu UV-160;
Shimadzu Corporation, Kyoto, Japan). The content of H2O2 was
calculated by comparing it with a standard calibration curve that
was made using different concentrations of H2O2 and expressed
in μmol g‒1 fresh mass (FM).

The generation of superoxide was detected in excised embryos
after 1, 2, 3, 4, 5 and 6 days stratification at 3 and 15°C, by using a
histochemical staining technique as modified by Jabs et al. (1996).
We used nitroblue tetrazolium chloride (NBT) ‒ a reagent form-
ing an insoluble blue formazan product upon reduction (Bielski
et al., 1980) ‒ as a probe for O2

−. Seeds were first kept in staining
solution (0.5 mM NBT in 50 mM phosphate buffer; pH 6.8) for
20 min (as NBT could not penetrate the endosperm layer, seeds
were first scarified; Zhang et al., 2014), and washed in buffer
for 1 min and observed for intensity of staining using a stereo-
microscope (Olympus).

Effect of exogenous H2O2 and DPI on embryo growth and
germination

Fresh F. ovina seeds were treated with distilled water, two concen-
trations of H2O2 (10 and 100 mM) at 3 and 15°C, and 1 mM DPI
at 3°C for about one month (all solutions were made up with dis-
tilled water). DPI is a common ROS scavenger. It limits the produc-
tion of H2O2 by inhibiting the activity of NADPH oxidase (the key
enzyme in plasma membrane for the production of superoxide
radicals). For each treatment, two bags of 100 seeds were used:
one bag to measure the percentage of germination and the other
for measuring the length of embryos. Moreover, as germination
was under aerobic conditions, fresh H2O2 solutions were used
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every week. At weekly intervals, 20 non-germinated seeds were
taken from all Petri dishes in order to measure embryo length.

Statistical analysis

Experiments were conducted in a completely randomized design
with four replications. For experiments on temperature require-
ment, the effect of warm stratification, dry after-ripening and
darkness, data were analysed using one-way ANOVA. However,
for experiments on gibberellic acid and cold stratification, two-
way ANOVA was used. Moreover, wherever required, arcsine
transformation was used to normalize values prior to analysis.
To determine significant differences between each treatment,
Duncan’s multiple range procedure at P < 0.05 was used. All
analyses were carried out using SAS statistical software package,
version 9.2.

Results

Phenology of embryo growth and germination

Fresh F. ovina seeds had an initial average embryo to seed (E:S)
ratio of 0.37 ± 0.02 (mean ± SE). In the period between 5
October (time of burial) and 5 November, the embryos exhibited
a growth of 0.42 ± 0.02 and reached an average E:S of about 0.79
± 0.02 (exactly on 5 November) (Fig. 1), even though in the period
from 5 to 26 October, there was no rainfall and the only moisture
accessible, was from the soil. From 5 until 25 November, the aver-
age E:S ratio remained constant. However, over the 10 days from
25 November, a second increase in the growth of embryos
occurred (ratio change of about 0.09), probably due to the
decrease in soil temperature. After the second growth in embryos,
the average E:S ratio increased up to 0.91 ± 0.019 on 5 December,
which coincided with the initiation of germination, and was likely
to be its critical value. The growth of the embryo and germination

were consistent with the changes in soil temperature; both first and
second growth of embryos occurred with a decrease in soil max-
imum and minimum temperature. From 5 December onward, as
the temperature continued to decrease, more and more seeds
came out of dormancy. Seeds germinated extensively in the very
cold winter soil, and by 3 February 92% of them had germinated
(Fig. 1). From 23 February, seedlings started to emerge from the
soil as the local temperature increased (data not shown).

Temperature requirements for embryo growth and
germination

Embryos of F. ovina started growth at all incubation temperatures
as soon as they imbibed water (Fig. 2), albeit at different rates.
After 6 weeks, embryos at 5°C showed an average E:S ratio of
0.89 ± 0.03, which was significantly higher than at 10°C (0.82 ±
0.04) and 15°C (0.71 ± 0.02). Furthermore, the germination per-
centage was higher at lower temperatures; after 8 weeks, no seed
had germinated at 15 and 25°C, while 17 and 86% of germinated
seeds were observed at 10 and 5°C, respectively (Fig. 2). In add-
ition, the slow-paced development of embryos at warm tempera-
tures continued over the following weeks, and after 24 weeks,
seeds incubated at 15°C attained 0.99 ± 0.03; however, they
showed a very low percentage of germination (7%) (data not
shown).

Results of comparing the embryo growth and germination
under different cold temperatures identified 3°C as the optimum
temperature for both embryo growth and germination. In 5
weeks, the embryos at 3°C grew to an average E:S ratio of 0.77
± 0.02 and germinated to 82%, which was significantly higher
than at other temperatures (Fig. 3). Seeds incubated at 0.5 and
5°C showed a similar percentage of germination over the period
of 5 weeks. However, the rate of dormancy break was higher at
5°C; the first germination at 5°C occurred in the second week,
but at 0.5°C no seed germinated before the third week.

Figure 1. Phenology of embryo growth and germination. Seeds of Ferula ovina were buried in the field in August 2014. Grey lines indicate the mean minimum and
maximum temperatures of the soil at 5 cm depth. The continuous line represents cumulative germination percentage and the dotted line represents the average E:
S ratio. Error bars indicate ± SE.
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Seeds germinated to 37, 42.2 and 61% at 15°C following
respectively 2, 3 and 4 weeks of stratification at 3°C (Fig. 4),
whereas, without cold, only 7% of the seeds germinated after 18
weeks at 15°C. Moreover, keeping seeds at cold temperatures (3
and 5°C) instead of moving them to 15°C led to the significantly
higher percentages of germination, which identified cold tempera-
tures as more optimum temperatures for seed germination in F.
ovina.

Effects of warm stratification, dry after-ripening, darkness and
GA3 on breaking dormancy

Treatments of seeds at moist warm conditions before placing
them at 3°C reduced the rate and percentage of germination.
Seeds germinated to 21 and 16% at 3°C following 60 and 90
days at 20°C, while, by cold stratification alone, 82% of the
seeds germinated after 5 weeks. Extending the period of warm
stratification adversely affected the seeds, as the percentage of ger-
mination was lower at 90 days compared with 60 days (Fig. 5a).

Our results showed that dry after-ripening not only could not
reduce the amount of cold required for breaking dormancy, but it
also decreased germination compared with the control treatment
(70% compared with 82% of the control treatment) (Fig. 5b).
Moreover, seeds did not show any light or dark requirement for
dormancy break. Incubating seeds at 3°C in darkness led to

80% germination after 5 weeks, which was not significantly differ-
ent from 82% germination in light (Fig. 5b). Application of differ-
ent concentrations of GA3 showed no significant effect on the
status of dormancy, neither at 3°C nor at 15°C (Fig. 6).

H2O2 content and localization of O2
− production

The internal level of H2O2 content increased during both warm
and cold stratification in F. ovina but with different patterns. At
15°C, the content showed a sharp increase over the first week
and reached 15.18 μmol g‒1 FW. The amount remained constant
for the next 7 days and peaked after 3 weeks. On the other hand,
at 3°C, H2O2 increased gradually over the first 2 weeks, and the
maximum production was observed after the third week (Fig. 7a).

The superoxide localization technique by NBT indicated a spe-
cific pattern of O2

− accumulation in embryo axes and cotyledons
at both 3 and 15°C. The staining time-course of embryos is pre-
sented in Fig. 8A‒F. At cold temperatures, the blue stains, which
are signs of O2

– generation, first became visible in the hypocotyl
and radicle after approximately 2 days, and after a 24 h delay in
cotyledons. Thereafter, the spots intensified gradually until the
sixth day, when only radicles and cotyledons were blue and the
central parts of embryos had no sign of O2

– accumulation
(Fig. 8G). A similar pattern of staining was observed for warm-
stratified seeds. Blue spots first appeared in the embryonic axes

Figure 2. (a) Embryo to seed length ratio. (b) Cumulative germination percentage of Ferula ovina seeds kept at 5°C (squares), 10°C (circles), 15°C (triangles) and 25°C
(diamonds) for 8 weeks. Error bars indicate ± SE.

Figure 3. (a). Mean embryo to seed length ratio. (b) Germination percentage of Ferula ovina seeds in response to the range of cold temperatures: 3°C (circles), 5°C
(squares), 0.5°C (triangles) and 10°C (diamonds) over a period of 5 weeks. To avoid confusion, the figures for 5°C and 10°C in Fig. 2b are given here again. Error bars
indicate ± SE.
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and then in cotyledons. However, the rate of O2
− generation was

higher at warm than cool temperatures, and the strains were vis-
ible all over the embryos on the second day.

Effect of exogenous H2O2 and DPI on embryo growth and
germination

Our data indicated that both concentrations of H2O2 were effect-
ive for the growth of the embryos in a dose-dependent manner.
However, their impact on breaking dormancy was temperature
dependent. At 3°C, both 10 and 100 mM H2O2 increased embryo
growth dramatically in the first week (Fig. 9b). However, treat-
ment with 100 mM H2O2 significantly decreased the number of
germinated seeds at 3°C (Fig. 9c). On the other hand, at 15°C,
both 10 and 100 mM H2O2 treatment had a significant positive
effect on both the growth of the embryos and germination. For
instance, with 100 mM H2O2, the average length of embryos
reached twice the initial size in the first week (Fig. 9a). As
observed (Fig. 8H and I), the higher growth of embryos was
just due to the elongation of embryonic axes, and cotyledons
did not grow during the treatment. In addition, exogenous
concentrations of H2O2 significantly promoted germination at
15°C, and seeds of F. ovina germinated to 12 and 32% at 10
and 100 mM H2O2, respectively, after 5 weeks. First germination

was observed by the third week. Treatment with 1 mM DPI
reduced both germination and embryo growth at 3°C (Fig. 7b).
After 4 weeks, the average length of DPI-treated embryos was
5.6 mm (compared with 7.2 mm of 3°C), and seeds germinated
to 38.5% (compared with 61% of the control).

Throughout the whole period, the average embryonic axis:
cotyledon (A:C) ratio of the seeds at 3°C was higher than that
at 15 or 3°C + 1 mM DPI, which indicated the overall greater
length of embryonic axes compared with cotyledons during
cold stratification (Fig. 7b). In the first week at 3°C, embryonic
axes grew faster than cotyledons and attained an A:C ratio of
1.34 ± 0.03. However, in the following weeks, growth continued
at an even rate in both tissues. On the other hand, the higher
elongation of the embryonic axes was not observed at either 15
or 3°C + 1 mM DPI, and both axes and cotyledons grew at
about the same rate (Fig. 7b).

Discussion

Fresh seeds of F. ovina contained embryos with an E:S ratio of
0.37 ± 0.02 that increased to 0.91 ± 0.019 before germination,
indicating that each embryo grew almost 2.5 times its initial
length within the seed. Germination did not occur at tempera-
tures higher than 10°C within 8 weeks, which indicates that

Figure 4. Germination percentage of the seeds moved to four
incubation temperatures of 3, 5, 10 and 15°C after 2, 3 and 4
weeks of cold stratification at 3°C. Values with the same letter
are not significantly different at the P<0.05 level (Duncan’s mul-
tiple range procedure). Values are means of four replicates ± SE.

Figure 5. (a) Effect of warm stratification at 20°C for 60 days (filled circles) and 90 days (open circles) before cold stratification on the break of dormancy. (b) Effect
of dry after-ripening pre-treatment at 20°C for one year (triangles) before cold stratification on the break of dormancy, and effect of darkness during cold strati-
fication (circles). Control: 3°C solely (squares). Error bars indicate ± SE.
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other than an underdeveloped embryo, a physiological block pre-
vented seeds from germinating immediately after dispersal.
Therefore, like many other Apiaceae species, seeds of F. ovina
have MPD. The embryos of F. ovina initiated growth at all tem-
peratures as soon as they imbibed water, and the rate of growth
was greater at low than high temperatures. Moreover, seeds incu-
bated at 0.5, 3 and 5°C germinated to high percentages over a per-
iod of 5 weeks. However, the seeds failed to germinate at
temperatures above 10°C. Therefore, F. ovina seeds, like many
other summer species, only germinate after being exposed long
enough to cold temperatures over the winter. In Heracleum
sphondylium, the seeds exhibited faster embryo growth at 15°C
than at 2°C but the completion of growth only occurred at 2°C
(Stokes, 1952b). Baskin et al. (1992) observed that embryos of
Thaspium pinnatifidum (Apiaceae) started growth at all incuba-
tion temperatures, but growth was only completed at 5°C.
Additionally, our laboratory results were consistent with the
results obtained under the natural environment. In the field,
embryos initiated growth as soon as they were buried. However,
growth only continued as soil temperature decreased in late
November. Subsequently, radicles started to emerge and up to
95% of the seeds germinated in the nylon bags during winter
while the soil temperature was low. The emerged radicles tolerated
the severe cold, and shoots emerged from the soil in spring.
Similarly, in the laboratory, as we extended the incubation at

0.5°C, the germinated seeds survived 2 months of incubation,
and by the time the experiment was over, the radicles were still
alive and elongated (data not shown).

Effective temperatures for cold stratification range from 0 to 10°
C, with about 5°C being optimal for many species (Crocker and
Barton, 1957; Stokes, 1965). However, in Lomatium dissectum
(Apiaceae), the alleviation of dormancy only occurred at tempera-
tures between 3 and 6°C and was negligible at 0.5 and 9.1°C
(Scholten et al., 2009). In F. ovina, the highest rate and percentage
of germination was achieved at 3°C, with 82% germination over 5
weeks. Therefore, 3°C was the optimum condition for both embryo
growth and dormancy break, which was consistent with Nikolaeva
(1969) who reported 0‒3°C to be the optimum stratification tem-
perature for Ferula spp. Moreover, following cold stratification,
seeds germinated to higher percentages at cold temperatures of 3
and 5°C than at warm temperatures of 10 and 15°C, indicating
that low temperature also favoured germination (Fig. 4).

Baskin et al. (1992) investigated whether the seed of Thaspium
pinnatifidum (Apiaceae), whose dormancy was alleviated within 16
weeks of stratification at 5°C, only had MD with an unusually low-
temperature requirement for germination. Maybe we should ask
the same question here for the seeds of F. ovina. Embryos grew
and germinated to 82% when seeds were placed at 3°C for 4
weeks. Does this mean that seeds only have MD with an unusually
low-temperature requirement for germination? We believe this is
not true. Dormancy is an innate constraint that limits the germin-
ation to a narrow range of environmental conditions (Finch-Savage
and Leubner-Metzger, 2006). However, as the layers of dormancy
are gradually broken, the temperature range at which seeds can ger-
minate widens (Benech-Arnold et al., 2000; Batlla et al., 2004).
Thus, whereas the fresh seeds of F. ovina germinated to 7% after
18 weeks incubation at 15°C, they germinated to 37, 42 and 60%
at 15°C, after 2, 3 and 4 weeks of stratification at 3°C, respectively,
indicating the ability to germinate at increased temperature as dor-
mancy break continued.

So far, the dormancy in F. ovina is either deep complex or
intermediate complex, as embryos only completed growth and
germinated by cold stratification or at warm temperatures, after
treatment with cold stratification. Our results for the effect of
GA3 on dormancy were different from previous studies. Based
on our data, the application of GA3 was not effective in breaking
MPD, whereas Keshtkar et al. (2008) reported a positive effect.

Figure 6. Germination percentages of the seeds after 5 weeks of treatment with three
different concentrations of gibberellic acid at 3 and 15°C. Values with the same letter
are not significantly different at the P<0.05 level (Duncan’s multiple range procedure).
Values are means of three replicates ± SE.

Figure 7. (a) Endogenous hydrogen peroxide contents (μmol g‒1 FW) during stratification at 3 and 15°C. Values with the same letter are not significantly different
(P < 0.05) using Duncan’s multiple range test. Values are the means of four replicates ± SE. (b) Axis: cotyledon ratio of embryos at 3°C (triangles), 15°C (squares) and
3°C + 1 mM DPI (circles). Error bars indicate ± SE.
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Figure 8. (A‒F) Histochemical detection of superoxide in embryos of Ferula ovina. Localization of O2
− was visualized in excised embryos after 1, 2, 3, 4, 5 and 6 days

of stratification at 3°C by placing them in NBT for 20 min. (G) Close-up image of the stained embryos by NBT, after 2 weeks of cold stratification. (H and I) Growth of
the embryos, treated with exogenous H2O2 after 2 and 3 weeks at 15°C, compared with control.

Figure 9. Embryo growth and germination of Ferula ovina seeds treated with hydrogen peroxide. Effect of H2O2 on embryo growth at 15°C (a) and 3°C (b) at 100 mM
(triangles) and 10 mM (circles); controls (squares) and DPI (diamonds). Error bars indicate ± SE. (c) The effect of H2O2 on germination at both 3 and 15°C. The values
sharing the same letter are not significantly different (P < 0.05) using Duncan’s multiple range test. The values are means of three replicates ± SE.
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Moreover, the results of Amooaghaie (2004) only demonstrated
the positive effect of GA3 on the induction of germination
(GA3 as a germination-stimulating factor) and not on breaking
dormancy. A treatment with GA3 was only effective when accom-
panied by moist cold. On the other hand, Baskin and Baskin
(2014) argued that in seeds with intermediate complex MPD,
not only GA3 could substitute for cold stratification and break
dormancy, but sometimes warm stratification and dry storage
could have the same function and reduce the period of cold strati-
fication required for dormancy break. Therefore, to specify the
exact level of dormancy, we examined the effect of these treat-
ments on dormancy as well. The results showed that not only
did they not break dormancy, but they also reduced the rate
and the percentage of germination. Therefore, as none of these
treatments (GA3, moist warm and dry after-ripening) could
replace cold stratification, the PD part of dormancy is deep.

The characteristics of deep complex MPD in F. ovina are part
of the plant’s adaptation to its environment. The seeds are dis-
persed at the end of the warm season in northern temperate cli-
mates with cold winters at elevations of more than 2500 m. In
such regions, frost damage poses the greatest risk to seedlings,
and plants do not experience warm moist temperatures before
winter. Moreover, seeds of F. ovina could germinate to high per-
centages in the very cold soil and the radicles can withstand this
extreme condition. Once the cold season ends, with the rise in
temperature seedlings emerge from the soil. Seeds of Osmorhiza
occidentalis, with deep complex MPD, share a similar pheno-
logical pattern of dormancy break and germination; the dor-
mancy is broken by cold temperature and seeds germinate to
over 80% in the middle of the winter, while they are under
snow at temperatures of about 0‒1°C (Baskin et al., 1995).

Cold stratification is the main prerequisite for breaking deep
complex dormancy in F. ovina, and the physiological reason
behind this requirement is not yet fully understood. One possible
explanation is that during cold stratification, nutrients in the seed
become more accessible. Embryos initiate their growths at all tem-
perature conditions upon imbibition using soluble food reserves
in the endosperm until it is depleted. Thereafter, the growth
stops at high temperatures but continues at low temperatures,
because there are more nutrients available for embryos to con-
tinue growth (Stokes, 1952a, 1952b, 1953). Lewak (2011) reported
two lipid hydrolysing enzymes in apple seeds responsible for
breaking down the reserves with an optimum activation tempera-
ture of 5°C. However, there is one other theory that was suggested
by Scholten et al. (2009). Based on this theory, some parts of the
embryo such as shoot and root apical meristems may be quies-
cent, and therefore require periods of cold stratification to get acti-
vated and start growth. For the case of F. ovina, the first theory
seems to be more plausible; embryos started growth at all tem-
peratures, but it only continued and completed in cold conditions.
Moreover, Amooaghaie (2009) reported higher concentrations of
soluble organic phosphorus and proteins in the course of cold
stratification in F. ovina, which showed more available food for
embryos.

As mentioned previously, ROS compounds are suggested to
control the breakdown of food reserves within seeds through
their control over cyanide. Thus, they could have a positive effect
on the growth of the embryo, and in turn, affect both MD and
MPD. Based on our data, the endogenous level of H2O2 increased
upon stratification at both 15 and 3°C, with levels being higher in
seeds kept at warm temperatures. This different pattern was con-
sistent with the results of studies on apple and pomegranate seeds

(Dębska et al., 2013; Shalimu et al., 2016). Furthermore, other
than cold stratification, the application of exogenous hydrogen
peroxide was also effective in breaking dormancy. Treating
seeds with H2O2 significantly improved growth and germination
at 15°C, but not at 3°C. During 5 weeks of incubation at 15°C,
embryos of seeds treated with 100 mM H2O2 elongated more
than those at 3°C, and seeds germinated to 32%. The involvement
of H2O2 in dormancy break is argued in many studies (Hendricks
and Taylorson, 1975; Oracz et al., 2007; Shalimu et al., 2016;
Wojtyla et al., 2016), and it also has an effect on germination
(Barba-Espin et al., 2010; Ishibashi et al., 2012). The positive
effect of hydrogen peroxide on both embryo growth and germin-
ation was further demonstrated by the application of DPI. DPI is
reported to enhance seed dormancy by scavenging H2O2, and
reversing its action (Liu et al., 2010). Here, in our study, we
reached a similar conclusion: the concentration of 1 mM DPI sig-
nificantly suppressed the growth and germination at 3°C (seeds
germinated to 38.5% after 4 weeks). The negative effect of DPI
on germination is also suggested by other studies. Ishibashi
et al. (2010) reported that DPI (1 mM) reduces seedling growth
during seed germination of barley.

After the first week, cold-stratified embryonic axes elongated
more rapidly than warm-stratified and DPI-treated axes, which
led to their significantly higher axis:cotyledon ratio (Fig. 7b).
Similarly, by the application of exogenous H2O2, the embryos
showed major growth, which was mostly due to elongation of
embryonic axes. These results emphasize the possible significance
of the early growth of the embryonic axes in alleviation of the dor-
mancy in F. ovina. Meanwhile, our result of visualizing the local-
ization of O2

− in embryos by using the histochemical staining
technique indicated the earlier production of superoxide in the
embryonic axes than in cotyledons during both cold and warm
stratification. However, the time gap was longer during cold
than warm conditions. All in all, the results suggest connections
between the earlier accumulation of O2

− in the embryonic axes
and their higher elongation at 3°C. Singh et al. (2014) reported
that during seed germination in Vigna radiata, the elongation
of the axis is associated with the generation and asymmetric accu-
mulation of O2

− in embryo tissues. The growth-inducing effect of
O2
− is also reported in other studies (Müller et al., 2009;

Libik-Konieczny et al., 2014). Accordingly, the dormancy-
breaking effect of exogenous H2O2 in our study might be through
increasing the amount of inner O2

− which in turn induces elong-
ation of the axes. Roach et al. (2010) demonstrated that the
increase in germination and seedling growth in desiccation-
stressed seeds of Castanea sativa by exogenous H2O2 was through
enhancing the internal level of O2

−.
In summary, fresh seeds of F. ovina have deep complex MPD.

Cold stratification is the only natural treatment that causes
embryos to complete growth and germinate, which is probably
because more nutrient reserves become available for embryos dur-
ing cold than warm stratification. However, we observed a differ-
ential pattern of growth between embryos at 3 and 15°C. Even
though embryos at both temperatures grew to the same length
during the first 3 weeks, cold-stratified seeds projected higher
growth of the embryonic axis, and eventually these embryos
could complete their growths and germinate. The same results
were obtained during treatments with exogenous hydrogen perox-
ide and the elongation of the embryos was mostly because of the
higher growth of axes during the first week, which finally led to
the germination of the embryos. Moreover, as ROS could control
the breakdown of the reserves and provide food for the tissues, the
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sooner production or accumulation of superoxide radicals might
be the reason for the higher growth and elongation of the embry-
onic axes.

Moreover, in the case of F. ovina, cold temperatures favour
seed germination as well. The maximum percentages of germin-
ation were achieved by incubating seeds at cold temperatures.
Under environmental conditions, continuous embryo growth
and dormancy break only coincide with the decrease in tempera-
ture, and seeds germinate to high percentages during winter and
under low-temperature soil. The germinated radicles tolerate the
cold and elongate with the rise of temperature.

This study was among the very first reports of MPD in Iran.
The results will hopefully help improve and optimize the germin-
ation of dormant F. ovina seeds, which in turn helps promote its
cultivation. Moreover, ROS experiments contribute to under-
standing MPD dormancy break. We believe, as there are many
species of Apiaceae in Iran (especially the genus Ferula), provid-
ing significant economic and medicinal benefits, their dormancy
and germination characteristics as well as their germination pat-
terns in local habitats have not yet been properly characterized.
Therefore, a great deal of research still needs to be undertaken.

References

Amooaghaie R (2004) Dormancy-breaking protocols for Ferula ovina.
Proceedings of the Fourth International Iran & Russia Conference, 709‒712.

Amooaghaie R (2009) The effect mechanism of moist-chilling and GA3 on
seed germination and subsequent seedling growth of Ferula ovina Boiss.
Open Plant Science Journal 3, 22‒28.

Barba-Espin G, Diaz-Vivancos P, Clemente-Moreno MJ, Albacete A,
Faize L, Faize M, Pérez-Alfocea F and Hernández JA (2010) Interaction
between hydrogen peroxide and plant hormones during germination and
the early growth of pea seedlings. Plant, Cell & Environment 33, 981–994.

Baskin CC and Baskin JM (2014) Seeds: Ecology, Biogeography and Evolution
of Dormancy and Germination, 2nd edition. San Diego: Elsevier/Academic
Press.

Baskin CC, Chester EW and Baskin JM (1992) Deep complex morphophy-
siological dormancy in seeds of Thaspium pinnatifidum (Apiaceae).
International Journal of Plant Sciences 153, 565–571.

Baskin CC, Chien CT, Chen SY and Baskin JM (2008) Germination of
Viburnum odoratissimum seeds: a new level of morphophysiological dor-
mancy. Seed Science Research 18, 179–184.

Baskin CC, Meyer SE and Baskin JM (1995) Two types of morphophysiologi-
cal dormancy in seeds of two genera (Osmorhiza and Erythronium) with an
arctotertiary distribution pattern. American Journal of Botany 82, 293–298.

Baskin CC, Milberg P, Andersson L and Baskin JM (2000) Deep complex
morphophysiological dormancy in seeds of Anthriscus sylvestris (Apiaceae).
Flora 195, 245–251.

Baskin CC, Milberg P, Andersson L and Baskin JM (2002) Non-deep simple
morphophysiological dormancy in seeds of the weedy facultative winter
annual Papaver rhoeas. Weed Research 42, 194–202.

Batlla D, Kruk BC and Benech-Arnold RL (2004) Modelling changes in dor-
mancy in weed soil seed banks: implications for the prediction of weed
emergence, pp. 245–270 in Benech-Arnold RL and Sanchez RA (eds),
Handbook of Seed Physiology: Applications to Agriculture. New York:
Food Product Press and the Haworth Reference Press.

Benech-Arnold RL, Sanchez RA, Forcella F, Kruk BC and Ghersa CM
(2000) Environmental control of dormancy in weed seed banks in soil.
Field Crops Research 67, 105–122.

Bielski BHJ, Shine GG and Bajuk S (1980) Reduction of nitroblue tetrazo-
lium by CO2

– and O2
− radicals. Journal of Physical Chemistry 84, 830–833.

Chien CT, Chen SY, Baskin JM and Baskin CC (2011) Morphophysiological
dormancy in seeds of the ANA grade angiosperm Schisandra arisanensis
(Schisandraceae). Plant Species Biology 26, 99‒104.

Crocker W and Barton LV (1957) Physiology of Seeds. Waltham, MA, USA:
Chronica Botanica Co.

Dębska K, Krasuska U, Budnicka K, Bogatek R and Gniazdowska A (2013)
Dormancy removal of apple seeds by cold stratification is associated with
fluctuation in H2O2, NO production and protein carbonylation level.
Journal of Plant Physiology 170, 480–488.

El-Maarouf-Bouteau H and Bailly C (2008) Oxidative signalling in seed dor-
mancy and germination. Plant Signaling & Behavior 3, 1–8.

Finch-Savage WE and Leubner-Metzger G (2006) Seed dormancy and the
control of germination. New Phytologist 171, 501–523.

Hassani SB, Saboora A, Radjabian T and Fallah-husseini H (2009) Effects of
temperature, GA3 and cytokinins on breaking seed dormancy of Ferula
assa-foetida L. Iranian Journal of Science & Technology 33, 75‒85.

Hendricks SB and Taylorson RB (1975) Breaking of seed dormancy by cata-
lase inhibition. Proceedings of the National Academy of Sciences of the USA
72, 306–309.

Ishibashi Y, Tawaratsumida T, Zheng SH, Yuasa T and Iwaya-Inoue M
(2010) NADPH oxidases act as key enzyme on germination and seedling
growth in barley (Hordeum vulgare L.). Plant Production Science 13, 45–52.

Ishibashi Y, Koda Y, Zheng S, Yuasa T and Iwaya-Inoue M (2012)
Regulation of soybean seed germination through ethylene production in
response to reactive oxygen species. Annals of Botany 111, 95‒102.

Jabs T, Dietrich RA and Dangl JL (1996) Initiation of runaway cell death in
an Arabidopsis mutant by extracellular superoxide. Science 273, 1853–1856.

Keshtkar HR, Azarnivand H and Atashi H (2009) Effect of prechilling and
GA3 on seed germination of Ferula assafoetida and Prangos ferulacea.
Seed Science and Technology 37, 464–468.

Keshtkar HR, Azarnivand H, Etemad V and Moosavi SS (2008) Seed dor-
mancy breaking and germination requirements of Ferula ovina and
Ferula gummosa. Desert 13, 45‒51.

Kondo T, Miura T, Okubo N, Shimada M, Baskin C and Baskin J (2004)
Ecophysiology of deep simple epicotyl morphophysiological dormancy in
seeds of Gagea lutea (Liliaceae). Seed Science Research 14, 371–378.

Kurzyna-Młynik R, Oskolski AA, Downie SR, Kopacz R, Wojewódzka A and
Spalik K (2008) Phylogenetic position of the genus Ferula (Apiaceae) and its
placement in tribe Scandiceae as inferred from nrDNA ITS sequence vari-
ation. Plant Systematics and Evolution 274, 47–66.

Lewak S (2011) Metabolic control of embryonic dormancy in apple seed: seven
decades of research. Acta Physiologia Plantarum 33, 1‒24.

Libik-Konieczny M, Kozieradzka-Kiszkurno M, Desel C, Michalec-
Warzecha Z, Miszalski Z and Konieczny R (2014) The localization of
NADPH oxidase and reactive oxygen species in in vitro-cultured
Mesembryanthemum crystallinum L. Hypocotyls discloses their differing
roles in rhizogenesis. Protoplasma 252, 477–487.

Liu Y, Ye N, Liu R, Chen M and Zhang J (2010) H2O2 mediates the regula-
tion of ABA catabolism and GA3 biosynthesis in Arabidopsis seed dor-
mancy and germination. Journal of Experimental Botany 61, 2979–2990.

Loreto F and Velikova V (2001) Isoprene production by leave protects the
photosynthetic apparatus against ozone damage, aquenchesozone products,
and reduces lipid peroxidation of cellular membranes. Plant Physiology 127,
1781–1787.

Müller K, Carstens AC, Linkies A, Torres MA and Leubner-Metzger G
(2009) The NADPH-oxidase AtrbohB plays a role in Arabidopsis seed after-
ripening. New Phytologist 184, 885–897.

Nadjafi F, Bannayan M, Tabrizi L and Rastgoo M (2006) Seed germination
and dormancy breaking techniques for Ferula gummosa and Teucrium
polium. Journal of Arid Environments 64, 542–547.

Nikolaeva MG (1969) Physiology of deep dormancy in seeds. Izdatel’stvo.
Nauka, Leningrad. Translated from Russian by Z. Shapiro, NSF,
Washington DC.

Oracz K, El-Maarouf Bouteau H, Farrant JM, Cooper K, Belghazi M, Job C,
Job D, Corbineau F and Bailly C (2007) ROS production and protein oxi-
dation as a novel mechanism for seed dormancy alleviation. The Plant
Journal 50, 452–465.

Oracz K, El-Maarouf Bouteau H, Kranner I, Bogatek R, Corbineau F and
Bailly C (2009) The mechanisms involved in seed dormancy alleviation by
hydrogen cyanide unravel the role of reactive oxygen species as key factors
of cellular signalling during germination. Plant Physiology 150, 494–505.

Seed Science Research 61

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0960258517000356
Downloaded from https://www.cambridge.org/core. Cambridge University Press, on 04 Apr 2018 at 08:16:27, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0960258517000356
https://www.cambridge.org/core


Otroshi M, Zamani A, Khodambashi M, Ebrahimi M and Struik PC (2009)
Effect of exogenous hormones and chilling on dormancy breaking of seeds
of asafoetida (Ferula assafoetida L.). Journal of Seed Science 21, 9‒15.

Phartyal SS, Kondo T, Baskin JM and Baskin CC (2009) Temperature require-
ments differ for the two stages of seed dormancy break in Aegopodium poda-
graria (Apiaceae), a species with deep complex morphophysiological
dormancy. American Journal of Botany 96, 1086–1095.

Rahnama-Ghahfarokhi A and Tavakkol-Afshari R (2007) Methods for dor-
mancy breaking and germination of Galbanum seeds (Ferula gummosa).
Asian Journal of Plant Sciences 6, 611–616.

Roach T, Beckett RP, Minibayeva FV, Whitaker C, Chen H, Bailly C and
Kranner I (2010) Extracellular superoxide production, viability and redox
poise in response to desiccation in recalcitrant Castanea sativa seeds.
Plant, Cell & Environment 33, 59–75.

Rouhi HR, Rahmati H, Saman M, Shahbodaghloo AR, Karimi FA,
Moosavi SA, Rezaei ME and Karimi F (2012) The effects of different treat-
ments on dormancy-breaking of Galbanum seeds (Ferula gummosa Boiss).
International Journal of AgriScience 27, 598–604.

Safaian N and Shokri M (1993) Botanical and ecological study of species
of the genus Ferula (Medicinal Plants) in Mazandaran province. Acta
Horticulturae 333, 159–167.

Sattar Z and Iranshahi M (2017) Phytochemistry and pharmacology of Ferula
persica Boiss: a review. Iranian Journal of Basic Medical Sciences 20, 1–8.

Scholten M, Donahue J, Shaw NL and Serpe MD (2009) Environmental
regulation of dormancy loss in seeds of Lomatium dissectum (Apiaceae).
Annals of Botany 103, 1091–1101.

Singh KL, Chaudhuri A and Kar RK (2014) Superoxide and its metabolism
during germination and axis growth of Vigna radiata (L.) Wilczek seeds.
Plant Signaling & Behavior 9, e29278.

Shalimu D, Sun J, Baskin CC, Baskin JM, Sun L and Liu Y (2016) Changes
in oxidative patterns during dormancy break by warm and cold stratifica-
tion in seeds of an edible fruit tree. AoB PLANTS 8, plw024.

Stokes P (1952a) A physiological study of embryo development in Heracleum
sphondylium L. I. The effect of temperature on embryo development.
Annals of Botany 16, 441–447.

Stokes P (1952b) A physiological study of embryo development in Heracleum
sphondylium L. II. The effect of temperature on after ripening. Annals of
Botany 16, 571–576.

Stokes P (1953) A physiological study of embryo development in Heracleum
sphondylium L. III. The effect of temperature on metabolism. Annals of
Botany 17, 157–169.

Stokes P (1965) Temperature and seed dormancy, pp. 746–803 in Ruhland W
(ed), Encyclopedia of Plant Physiology, vol. 15/2. Berlin: Springer-Verlag.

Tewari DN (2000) Report of the task force on conservation and sustainable
use of medicinal plants. Government of India Planning Commission.

The Plant List (2013). Version 1.1. Published online: http://www.theplantlist.
org/ (accessed 1 January 2017).

Vandelook F, Bolle N and Van Assche JA (2008) Seasonal dormancy cycles
in the biennial Torilis japonica (Apiaceae), a species with morphophysiolo-
gical dormancy. Seed Science Research 18, 161–171.

Vandelook F, Bolle N and Van Assche JA (2009) Morphological and physio-
logical dormancy in seeds of Aegopodium podagraria (Apiaceae) broken
successively during cold stratification. Seed Science Research 19, 115–123.

Wojtyla L, Lechowska K, Kubala S and Garnczarska M (2016) Different
modes of hydrogen peroxide action during seed germination. Frontiers in
Plant Science 7, doi: 10.3389/fpls.2016.00066.

Yaqoob U and Nawchoo IA (2015) Conservation and cultivation of Ferula
jaeschkeana Vatke: a species with deep complex morphophysiological dor-
mancy. Proceedings of the National Academy of Sciences, India Section B:
Biological, 1–11.

Zhang Y, Chen B, Xu Z, Shi Z, Chen S, Huang X, Chen J and Wang X
(2014) Involvement of reactive oxygen species in endosperm cap weakening
and embryo elongation growth during lettuce seed germination. Journal of
Experimental Botany 65, 3189–3200.

62 Majid Fasih and Reza Tavakkol Afshari

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0960258517000356
Downloaded from https://www.cambridge.org/core. Cambridge University Press, on 04 Apr 2018 at 08:16:27, subject to the Cambridge Core terms of use, available at

http://www.theplantlist.org/
http://www.theplantlist.org/
http://www.theplantlist.org/
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0960258517000356
https://www.cambridge.org/core

	The morphophysiological dormancy of Ferula ovina seeds is alleviated by low temperature and hydrogen peroxide
	Introduction
	Materials and methods
	Seed collection and preparation
	Phenology of embryo growth and germination
	Temperature requirements for embryo growth and germination
	Effect of warm stratification, dry after-ripening, darkness and GA3 on breaking dormancy
	H2O2 content and localization of O2- production
	Effect of exogenous H2O2 and DPI on embryo growth and germination
	Statistical analysis

	Results
	Phenology of embryo growth and germination
	Temperature requirements for embryo growth and germination
	Effects of warm stratification, dry after-ripening, darkness and GA3 on breaking dormancy
	H2O2 content and localization of O2- production
	Effect of exogenous H2O2 and DPI on embryo growth and germination

	Discussion
	References


