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Abstract

Hairy roots generated by Rhizobium rhizogenes-mediated transformation of yew (Zaxus spp.) is a promising approach to
enhance production of Taxol® (paclitaxel), which is one of the most effective anticancer drugs. As a prerequisite, it is pivotal
to successfully produce Taxus seedlings for transformation. However, the deep dormancy of Taxus seeds leads to extreme
difficulties in seed germination. Therefore, embryo rescue has been used to break the dormancy of Taxus baccata seeds,
thereby producing seedlings for transformation. In the current study, a successful strategy of embryo rescue was to sterilize
the surface of T. baccata seeds collected from the field at two different maturity stages (low and high). The strategy resulted
in 100% germination rate, but it was worth noting that not all germinated embryos grew into fully developed plants. As a
result, the present experiment introduced an innovative indicator—fully developed seedling index—to describe the growth
of seedlings developed by germinated embryos. Collectively, the data revealed that 21 +4% of the seedlings eventually
grew into fully developed plants. Regarding the development of the seedlings, the fully developed seedling index increased
initially along with seedling growth, reaching a peak after 2 weeks. Subsequently, the fully developed seedling index from
low maturity seeds and high maturity seeds began to decrease until it stabilized after 4 weeks and 7 weeks, respectively.
Consequently, the new findings proved helpful to select 7. baccata seeds with appropriate maturity, hence developing a reli-
able technique to produce viable seedlings for a transformation pipeline.
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Introduction

Secondary metabolites of several plants such as yew (Taxus
spp.) can be utilized to treat cancer (Fauzee et al. 2011;
Fukumoto et al. 2006), which presently is the second larg-
est cause of mortality worldwide (Ritchie 2019). Taxol®,
also known as paclitaxel, is a natural diterpenoid that has
been extensively employed as a cancer chemotherapeutic
drug (Schiff et al. 1979; Rowinsky and Donehower 1995;
Cragg 1998). It was initially discovered in the Pacific yew
tree T. brevifolia, which grows extremely slowly and con-
tains barely approximately 0.01% (dry weight of the bark)
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of the chemical (Wani et al. 1971; Rowinsky and Donehower
1995; Vidensek et al. 1990). Transformation of a variety
of plant species with unmodified bacterial strains of the
soil bacterium Rhizobium rhizogenes (formerly Agrobacte-
rium rhizogenes) produces distinctive hairy roots (HRs) at
the site of infection, which typically result in considerable
increases in beneficial secondary metabolite levels (Riker
et al. 1930; Tepfer 1990; Giri and Narasu 2000; Sevon and
Oksman-Caldentey 2002). Hairy root culture has recently
increasingly emerged as a viable biotechnology approach for
manufacturing numerous beneficial secondary metabolites
(Ono and Tian 2011; Xu et al. 2008; Pellegrineschi et al.
1994). In general, R. rhizogenes has a greater success rate
in infecting tissues that have a high amount of cell division
or the capacity to synthesize auxin, whereas woody explants
often do not have this potential (Wahby et al. 2013). A fea-
sible technique to produce juvenile/seedling material which
subsequently is used for transformation with R. rhizogenes
needs to be developed. As a result, it is critical to establish
and ensure high germination rate of Taxus seeds from the
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onset, because a high germination rate means a greater pos-
sibility of producing more seedlings.

Seed dormancy and germination are diverse physiological
processes (Shu et al. 2016). An undamaged vigorous seed
that cannot germinate completely under ideal circumstances
is referred to as having seed dormancy (Baskin and Baskin
1998). Germination is a complicated process regulated
by both internal and external stimuli (Joosen et al. 2013).
Embryo development, seed coat (testa) impermeability, and
phytohormones are examples of internal factors. Lulsdorf
et al. (2013) reported that gibberellic acid (GA) promotes
embryo growth. Similarly, application of cold or warm strat-
ification may enhance seed dormancy release and germina-
tion. Scarification, i.e., weakening, opening, or otherwise
altering the coat of a seed to promote germination, by sulfu-
ric acid, exogenous administration of GA, and various com-
binations of these treatments may also accelerate seeds to
break dormancy and germinate. However, the efficiency of
dormancy-breaking treatments may vary by species (Baskin
and Baskin 1998, 2004; Li et al. 1999; Koyuncu 2005; Van-
delook et al. 2007; Tang et al. 2009; Zhang and Gusta 2010).

Embryo rescue, in which embryos are aseptically
removed and cultivated in vitro, is a valuable approach for
resolving seed dormancy, reducing the breeding cycle, and
obtaining plants from crosses between seedless cultivars (Ho
1987; Razi et al. 2013). When seeds need a stratification
interval of 2-3 months for germination in woody plants, the
strategy is also suited for shortening the generation cycle
(Kaur et al. 2006).

Deep dormancy of Taxus seeds is well known (Chien
et al. 1998). Taxus embryos were discovered to be dormant
due to two factors: embryo immaturity and the existence
of endogenous inhibitors (mainly ABA) (Le Page-Degivry
and Garello 1973). Separated embryos might be kept on a
suitable medium under in vitro settings to solve the issue of
their immaturity. To eliminate inhibitors, seeds need to be
immersed in water and treated with GA, or to be immersed
in water and exposed to low temperature. The importance of
the maturity level of Taxus seeds as a factor influencing the
germination of separated embryos was highlighted by Flores
and Sgrignoli (1991), who divided the seeds into five cat-
egories based on seed maturity and argued that more mature
seeds led to a lower germination rate. Chee (1994) suggested
a different categorization. Three phases of development were
recognized according to seed maturity. More mature seeds
were discovered to be optimal for in vitro germination,
showing the lack of consensus in this matter (Chee 1994).

Chee (1994) also argued for sterilizing seeds with con-
centrated hydrogen chloride followed by immersion in sterile
water for 24 h. Zhiri et al. (1994) presented a more success-
ful approach; in which the seeds were leached for 7 days
in running tap water, then the embryos were excised and
placed on a modified MS medium with activated charcoal
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to absorb inhibitors released by explants. The usage of
charcoal resulted in a substantial enhancement with a 100%
embryo germination rate. Majada et al. (2000) used a scal-
pel to remove the basal section of seeds, then leached the
seeds under running water for 24 h, leading to a 65% ger-
mination rate. In comparison, Bian et al. (2018) obtained
90.3% germination rate without pre-treating 7. yunnanensis
seeds, highlighting the immense intra-species germination
variability.

It is pivotal to develop a biotechnological approach to
boost Taxol® content and production efficiency. The pro-
duction of HRs through natural transformation of Taxus
seedlings with R. rhizogenes is a highly promising strategy.
Obtaining mature explants from woody plants for transfor-
mation are known since ancient times to have poor efficiency
in generating HRs. In the present study, we aimed to produce
viable Taxus seedlings that can be used for natural transfor-
mation to generate HRs. However, Taxus has deep seed dor-
mancy, which results in the difficulty of direct seed germina-
tion. Thus, one purpose of present research was to break the
seed dormancy of T. baccata by embryo rescue strategy. The
strategy was developed for seed germination with high ger-
mination rate as a prerequisite to obtain stable and efficient
seedlings generation for transformation. Another purpose of
the present investigation was to explore the germination rate
of T. baccata seeds with different maturity and the subse-
quent growth differences of seedlings, hence providing ideas
for screening seeds with different maturity to obtain viable
seedlings. Furthermore, the majority of studies have con-
centrated on overcoming the deep dormancy of Taxus seeds
and optimizing the approaches to increase seed germination
rate. Few studies, however, have explored the embryonic
growth alterations of Taxus seeds after germination. In the
present work, an innovative indicator—the fully developed
seedling index—was introduced to describe the percent-
age of seedlings growing fully after germination. It could
more accurately reflect the capacity of seeds to develop from
embryonic germination to seedlings, and its development
could also exhibit the growth alterations of seedlings after
germination in a novel way. The importance and original-
ity of this study is that it not only establishes an efficient
embryo rescue method to break the dormancy of T. baccata
seeds, thereby achieving germination, but also provides new
insights into the growth of its seedlings, which contributes
to more seedlings for transformation.

Materials and methods
Plant materials

The maturity stages of T. baccata seeds were categorized
into the following according to the seed and aril development
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color (Fig. 1) (Flores and Sgrignoli 1991; Chee 1994): (1)
green without aril (G, Fig. 1a); (2) green with half develop-
ing aril (GDA, Fig. 1b); (3) green with enlarging aril (EA,
Fig. 1c); (4) seed with fully red aril (R, Fig. 1d). The seed in
R-stage is the ultimate mature seed, which is brown when
the aril is removed (Fig. le).

T. baccata seeds were utilized in the following two meth-
ods to break dormancy and germinate in this study:

(1) Method 1 (M1)—Seeds collected from field in R-stage
were directly employed for seed germination rather
than embryo rescue.

(2) Method 2 (M2)—Seeds were exploited for embryo res-
cue. These seeds came from two sources: (a) purchased
from a seed company (Rarexoticseeds, Canada) (M2-
C) in R-stage, which were stored for more than 1 year;
(b) freshly collected from field in the same year as the
experiment (M2-F) in GDA and R stages.

Pretreatment and sterilization methods

With respect to the M1 seeds, three different treatments
(T1, T2, T3) were set up, each consisting of 2 independent
repetitions of 35 seeds. For T1, the seeds were washed for
30 min under running tap water, then immersed in 70% (v/v)
ethanol (VWR Chemicals, France) for 3 min, soaked in 2%
(w/v) Ca(OCl), (Sigma-Aldrich, Germany) for 30 min. In
T2 and T3, the seeds were killed with 65% and 96% H,SO,
(Sigma-Aldrich, Germany) for 20 min, respectively, fol-
lowed by rinsing under running tap water for 3 min. Then,
the seeds of T1-T3 were imbibed for 48 h in sterile water at
a low temperature (4 °C). After imbibition, the seeds were

Fig. 1 Different maturity stages
of Taxus baccata seeds. (a)
Green without aril (G); (b)
green with half developing aril
(GDA); (c) green with enlarging
aril (EA); (d) seed with fully
red aril (R); (e) seed in R-stage
without aril. Bar represents

1 mm

submerged in 70% (v/v) ethanol for 10 min, followed by 8%
(w/v) Ca(OCl), for 10 min. The seeds of T1-T3 were finally
washed three times with sterile distilled water after treating
with Ca(OCl),.

In terms of the M2-C seeds, different pretreatment and
sterilization strategies resulted in four different treatments
(T4-T7), each comprising two independent repetitions of 35
embryos each. The seeds were pretreated with 96% H,SO,
for 20 min, then soaked in distilled water or GA; (Duchefa,
Netherlands) for 2 days, or leached under running tap water
for 7 days. After that, the seeds were immersed in 70% (v/v)
ethanol, followed by Ca(OCl),, and lastly rinsed three times
with sterile distilled water. Details of each treatment are pre-
sented in Table 1.

Regarding the M2-F seeds, two treatments were per-
formed according to the different maturity stages, GDA (T8)
and R (T9). Each treatment was composed of four independ-
ent repetitions of 35 embryos each. The arils of seeds in
R-stage were removed by hand after collection. The seeds
of T8 and T9 were not pretreated, and they were directly
soaked in 70% (v/v) ethanol for 10 min, followed by 8%
(w/v) Ca(OCl), for 10 min, and finally washed three times
with sterile distilled water.

Seed germination

M1 seeds were directly transferred to Petri dishes con-
taining medium A after surface sterilization and incu-
bated at 24 +1 °C (ISTA 1993). The medium A was ¥2MS
(Murashige and Skoog 1962) medium (2.2 g L™!) supple-
mented with 30 g L' sucrose (Mamone, Denmark), 1 g L!
casein hydrolysate (Sigma-Aldrich, Germany), 1 g L™! yeast

Table 1 Pretreatment and sterilization methods of each treatment in terms of M2-C seeds

Treatment  Pretreatment Sterilization

96% H,SO0, — H,O or GA, Leach  — 70% (v/v) ethanol — Ca(Cl0),
T4 + + 0 - 30s 5% (w/v), 10 min
T5 + + 0 - 10 min 8% (w/v), 10 min
T6 + - 300 mg L™ -
T7 + - 0 +
The treatment consisted of two independent repetitions displaced in time, each with 35 embryos. ‘+’ and ‘-’; certain treatment was applied or

not, respectively
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extract (Fisher Scientific, Belgium), 0.1 g L™! ascorbic acid
(Sigma-Aldrich, Germany) and 5 g L™ activated charcoal
(Duchefa, Netherlands). The pH was adjusted to 5.7-5.8,
then the medium was solidified with 2.5 g L™! gelrite (Duch-
efa, Netherlands) before autoclaving for approximately
30 min at 121 °C and 105 kPa.

After 2 weeks, the seeds were transferred to culture
boxes (9 cmx 8 cm X 8.5 cm, Sakata Ornamentals Europe,
Marslev, Denmark) containing same medium and incubated
at 24+ 1 °C in a climate chamber (Conviron No. A1000,
Canada) with 16-h photoperiod (45 pmol m s ™).

In vitro culture of embryo

After surface sterilization, seeds of M2-C and M2-F were
longitudinally cut in a sterile environment with help of
tweezers and scalpels, the recovered embryos (Fig. 2a) were
aseptically transferred to Petri dishes containing medium B
(B1-B3). Details of the medium B for each treatment are
shown in Table 2. The pH was adjusted to 5.7-5.8, and the
medium solidified by adding 2.5 g L™! gelrite before auto-
claving for approximately 30 min at 121 °C and 105 kPa.

Embryos of each treatment were incubated in the dark
at 24+ 1 °C for 2 weeks. Then, germinated embryos were
transferred to culture boxes containing the same medium
and incubated at 24 + 1 °C in a climate chamber with 16-h
photoperiod (45 pmol m ~ s ). Embryos were transferred
to freshly made medium every 4 weeks.

Fig.2 Embryos in Taxus bac-
cata seeds and germinating
embryos. (a) Seed structure
after longitudinal cutting; (b)
germinating embryos. Bar
represents 1 mm

Table 2 Concentration of medium formulation for each treatment

Assessment

Seed germination was defined as radicle emergence of the
seed, while embryo germination (Fig. 2b) was defined by
radicle protrusion > 2 mm. During the 2-week incubation
period, the development status of seeds or embryos was
observed every 2 days. The number of germinated seeds
or embryos was recorded, and the germination rate was
calculated after 2 weeks by Scrminated sceds orembryos, 1 oy

Total seeds or embryos

The age of seedlings from M2-F seeds was identified by
weeks. After 2 weeks of dark incubation, the seedling age
was recorded as 0 weeks (0 w), followed by 1 week (1 w),
2 weeks (2 w), and so on until 8 weeks (8 w). Seedlings
had different stages at various ages. As shown in Fig. 3,
these stages were inspired by Zarek (2007) and further
developed to: (1) fully developed stage (F; seedlings were
composed of straight radicle, hypocotyl and cotyledons,
green and vigorous); (2) intermediate developed stage (I;
seedlings had straight radicle and hypocotyl but no coty-
ledons, or tissue browning resulting in death); (3) abnor-
mal developed stage (A; seedlings had curly radicle or
hypocotyl). The number of seedlings in various stages was
recorded every week. After that, the proportions of various
stages were calculated as indexes according to the follow-
ing equations:

Fully developed seedling index =
x100%,

Fully developed seedlings

Total emerged seedlings

developed

Intermediate seedling

Seed  Treatment Medium MS Sucrose  Casein hydrolysate  Yeast extract Ascorbic acid ~ Activated charcoal GA;
number
M2-C T4 Bl 44gL7" 30gL! - - - 5gL7! -
TS B2 1gL™! 1gL™! 0.1gL! -
T6, T7 B3 1gL™! 1gL™! 0.1gL! 0.5mg L™
M2-F T8, T9 Bl 44¢L7' 30gL! - - - 5L -

T4-T7 treatments consisted of 2 independent repetitions displaced in time, each with 35 embryos. T8 and T9 treatments consisted of 4 inde-
pendent repetitions displaced in time, each with 35 embryos. ‘M2-C’: seeds that were exploited for embryo rescue and purchased from seed
company. ‘M2-F’: seeds that were exploited for embryo rescue and collected from field
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Fig. 3 Different stages of
seedlings from M2-F seeds in
R-stage. (a) Fully developed
stage (F); (b) intermediate
developed stage (I); (c) abnor-
mal developed stage (A). Bar
represents 1 cm

Abnormal devel-

index =

Intermediate developed sAeedlings>< 100% ,
Total emerged seedlings
Abnormal developed seedlings>< 100%.

Total emerged seedlings

During the initial 2 weeks of Petri dish incubation, each
treatment was monitored for contamination every 2 days.
Contaminated seeds or embryos were counted, and the con-

L Contaminated seed b
tamination rate was calculated by —TeoC3CCC8 Of STIIYOR

Total seeds or embryos
x100%

oped seedling index =

Statistical analysis

All data were reported as mean =+ standard error (SE).
ANOVA was performed at a=0.05 using SPSS software.
Statistically significant differences were assumed when the
p value was <0.05.

Results

Germination and contamination of seeds in each
treatment

For seeds that were directly utilized for seed germination
(M1), there were no germinated seeds in any treatments
(Table 3). However, the contamination issue was effectively
reduced by scarifying with H,SO, in different concentrations
(T2 and T3) as pretreatments compared with 100% contami-
nation rate of T1 without pretreatment.

Regarding seeds purchased from the seed company
for embryo rescue (M2-C), no germinated embryos were
observed (Table 3). Nevertheless, the contamination rate of
T5-T7 was dramatically decreased by 61-84% compared
with T4 through increasing ethanol treatment duration and
Ca(ClO), concentration. Among these treatments (T5-T7),
the impact of leaching in running tap water for 7 days (T7)
was the best, resulting in a contamination rate of less than
20%.

As can be seen from Table 3, the most significant finding
was that the germination rate of embryos from seeds col-
lected in the field at the same year as the experiments (M2-
F), regardless of GDA-stage (T8) or R-stage (T9), reached
100% and there was no contamination. After 2 weeks of
darkness, the embryos of both treatments appeared (Fig. 2b).

Table 3 Germination rate and contamination rate of seeds in each
treatment

Seed Treatment Germination rate ~ Contamina-
(%) tion rate
(%)
Ml T1 0 100
T2 0
T3 0
M2-C T4 0 87+4a
T5 34+3b
T6 30+4b
T7 14+3c¢
M2-F T8 100 0
T9

The treatment (T1-T7) consisted of 2 independent repetitions dis-
placed in time, each with 35 seeds for M1, 35 embryos for M2-C. T8
and T9 treatments consisted of 4 independent repetitions displaced
in time, each with 35 embryos. ‘M1’: means seeds that were directly
employed for seed germination. ‘M2-C’: seeds that were exploited
for embryo rescue and were purchased from seed company. ‘M2-F’:
seeds that were exploited for embryo rescue and were collected from
field. Data are represented as mean+ SE. The same letter in the col-
umn ‘Contamination rate’ indicates that there is no significant differ-
ence (a=0.05) among the contamination rate of M2-C seeds

As a consequence, the following results exclusively targeted
the M2-F seeds.

Weekly development of seedlings from M2-F seeds

The progression of representative seedlings from R-stage
seeds during 8 weeks is shown in Fig. 4, which was basi-
cally consistent with that from GDA-stage seeds (data were
not shown). In general, the embryos of M2-F seeds germi-
nated after 2 weeks in darkness (seedlings were at O w at this
time). As illustrated in Fig. 4, the seedlings only exhibited
protrusion of radicle and elongation of hypocotyl at 0 w.
With the growth of hypocotyl, seedlings produced cotyle-
dons and several new needles at 3 w. Subsequently, more
new needles developed on the seedlings, and the seedlings
were larger and more robust until they were at 5 w. Then
the morphological changes and needle growth of seedlings
began to slow down and become stable (8 w).

@ Springer
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Fig.4 Progression of repre-
sentative seedlings from R-stage
seeds during 8 weeks (w). Bar
represents 1 cm

Variations among different stages during seedling
growth

Not all germinated embryos turned into fully developed
seedlings. The variations among three different stages—fully
developed stage, intermediate developed stage, abnormal
developed stage—of seedlings with the increase of week age
are shown in Fig. 5. The stages of seedlings in the early stage
of growth were variable, which indicates that seedlings were
able to change from intermediate developed stage to fully
developed stage, or vice versa. Even seedlings in abnormal
developed stage could also change to intermediate developed
stage or fully developed stage.

The change in proportion of various stages of seedlings
from GDA-stage and R-stage seeds, respectively, was basi-
cally consistent (Fig. 5). The fully developed seedling index
from GDA-stage and R-stage seeds started with 0%, then
increased initially along with seedling growth and reached
a peak at 2 w with 38 2% and 43 + 6%, respectively. After
that, the fully developed seedling index from both seed
stages began to decrease. Subsequently, the fully devel-
oped seedling index from GDA-stage seeds stabilized with
21 +3% after 4 weeks, while that from R-stage seeds did not
become steady until 7 weeks with 21 +5%.

The intermediate developed seedling index (propor-
tion of intermediate developed stage) from GDA-stage and
R-stage seeds was 49 + 5% and 44 + 7%, respectively, at the
beginning. Then, the intermediate developed seedling index
dropped to the lowest after a week. After that, the inter-
mediate developed seedling index from GDA-stage seeds
increased rapidly within 3 weeks and reached the maximum

Fig.5 The proportion of

. . 70%
various stages of seedlings from ’

Q
GDA-stage and R-stage seeds. :g 60% . ;
‘F’; Fully developed stage. ‘I’; <= 50% - A
Intermediate developed stage. § 40% A ;a
‘A’; Abnormal developed stage. S { ~F
Data points represent mean+ SE .§ 30% g 1 T
(n=35, four repetitions) ‘g. 20% =21

£ 10%

0%

Ow 1w 2w 3w 4w 5w 6w 7w 8w

GDA
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53+3% at 4 w, and then remained steady. While the interme-
diate developed seedling index from R-stage seeds decreased
slightly after 3 weeks of rapid growth. After that, it contin-
ued to increase and stabilized at 50 +4% after 7 weeks.

The abnormal developed seedling index (proportion of
abnormal developed stage) from GDA-stage and R-stage
seeds was 51 +5% and 56+ 7% at 0 w, respectively. Sub-
sequently, the abnormal developed seedling index from
GDA-stage seeds began to decline until it reached stability
with 26 +5% at 4 w. On the other hand, the abnormal devel-
oped seedling index from R-stage seeds decreased in the
first 4 weeks and increased slightly in the following week.
After that, it fell again and did not stabilize to 29 + 5% until
7 weeks later.

There was no difference in the fully developed seedling
index from GDA-stage and R-stage seeds, either at 2 w or
8 w (Fig. 5). However, the fully developed seedling index
from both seeds stages at 8 w was only 21 +4%. It was sig-
nificantly lower than the fully developed seedling index from
GDA-stage (38+2%) and R-stage (43 +6%) seeds at 2 w,
which reduced by 45% and 51%, respectively.

Discussion

In vitro embryo culture

Germination rate is one of the parameters to evaluate the
germination potential of seeds. Taxus seeds generally have

a low natural germination rate due to deep dormancy (Le
Page-Degivry and Garello 1973). Furthermore, the seed coat

—e—F
1
-+ T T T T TTA
1 . 1.1
i\ B
Es T
T T T T {I\I —
T I N‘%‘—%
1 b
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is impervious to water, and acid stratification has no sub-
stantial impact on the dormancy-breaking process (Thomas
and Polwart 2003). At the beginning of this study, R-stage
seeds collected from field were attempted to germinate
directly (M1). However, they were obviously unsuccessful
even when H,SO, was employed as pretreatment (Table 3),
presumably due to the deep dormancy of Taxus seeds, which
was resulted from the chemical composition of endosperm.
Zarek (2007) also placed seeds on the culture medium
directly after collection and similarly did not observe ger-
mination, despite the addition of activated charcoal to the
medium. In mature seeds, the embryo is not completely
developed and is surrounded by tissues that harbors inhibi-
tors such as ABA, making germination difficult (Le Page-
Degivry and Garello 1973; Zarek 2007). Only embryos that
had been separated from the surrounding endosperm and
kept on an appropriate medium may germinate (Zarek 2007).

In the present study, despite the embryos of seeds pur-
chased from seed company (M2-C) were excised for germi-
nation, no germinated embryos were detected (Table 3). This
was likely due to the fact that M2-C seeds were not freshly
collected and hence have been stored for a long period.
Before the seeds can be utilized for germination, a certain
combination of cold stratification and warm stratification
was required to break seed dormancy (Chien et al. 1998).
Suszka (1978) argued that germination can only occur fol-
lowing regularly warm and cold stratification. For Taxus
seeds, a dormancy-breaking approach involving a mix of
warm and cold stratification (for example, warm stratifica-
tion at 22 °C for 6 months, followed by cold stratification
at 5 °C for 3 months) has been developed (Devillez 1976;
Suszka 1985). The stratification mode—seeds were cold
stratified at 4 °C for 3 months, followed by warm stratifica-
tion at 25 °C for 3 months and finally cold stratified at 4 °C
for 5 months—was discovered to be more efficient by Liu
etal. (2011). Yet successful, these are not practical methods
to generate numerous seedlings in short time based on the
lengthy procedure.

In the current experiment with respect to M2-C seeds, a
successful sterilizing procedure was developed to minimize
contamination, although the germination failed. The suc-
ceeding experiment employing seeds collected from field
(M2-F) did not have any contamination (Table 3), which
should be ascribed to the application of this sterilizing
approach. Similarly, Tafreshi et al. (2011) revealed results
without any contamination by soaking imbibed seeds in 70%
(v/v) ethanol followed by 20 min in 5% NaClO.

Some studies reached 100% germination by leaching
T. baccata seeds in running water for 7 days (Zhiri et al.
1994; Tafreshi et al. 2011). Li et al. (2019) demonstrated
that hydropriming with sterile T. chinensis seeds distilled
water for 3—5 days was an efficient strategy for embryo ger-
mination with 100% germination. Zarek (2007) obtained

96% germination after 28 days of cultivating the T. baccata
embryos. In the current work, the germination rate of M2-F
seeds of T. baccata was 100% (Table 3), which should be
attributed to embryo rescue. It was formerly considered that
chemical removal of the seed coat, in conjunction with seed
soaking in water, was required to produce a high frequency
of germination (Zarek 2007). However, our data revealed
that the germination of all embryos was always 100% even
when seeds were not treated with acid or soaked in water.
Bian et al. (2018) also reported 90.3% germination rate with
T. yunnanensis seeds without pretreatment. The procedure of
embryo rescue without pretreatment in the present research
further shortened the germination period of Taxus seeds.
Flores and Sgrignoli (1991) presented that greater matu-
rity levels resulted in lower germination frequency. On the
contrary, Chee (1994) proposed a conclusion that more
mature seeds were better for in vitro germination. Different
from their results, the findings of the current experiment
demonstrated that differing maturity in same year harvested
seeds were not relevant in terms of germination, and the
seeds from GDA-stage and R-stage both reached 100% ger-
mination rate (Table 3). However, mature seeds purchased
commercially were stored for more than 1 year and were
not even responsive to embryo rescue technique (Table 3).

Growth of seedlings after embryo germination

In this study, the used seedlings were sterile because they
were cultured from in vitro through embryos. Hence, they
can be directly used in natural transformation experiments
to produce HRs by R. rhizogenes without sterilization pro-
cedures. For this reason, the germinated embryos were not
moved into soil to grow when they had roots, in order to
avoid the difficulty of sterilization in subsequent experi-
ments. Alternatively, the germinated embryos were trans-
ferred to the sterile culture boxes containing medium to
develop. In respect to T. baccata seeds, however, the germi-
nated embryos may not be able to develop completely, thus
another crucial and innovative indicator was introduced in
this study, which was the fully developed seedling index.
It was related to T. baccata and could reflect the capacity
of T baccata seedlings to grow and maintain full develop-
ment after germination. Zarek (2007) was also aware of the
diverse growth responses of seedlings and classified them
into 3 categories—proper germination, improper germina-
tion and callogenesis. In present study, it was worth men-
tioning that although the germination rate of M2-F seeds was
as high as 100%, the fully developed seedling index in the
later growth stage (after 7 weeks) was only 21 +4% (Fig. 5).
This suggested that only 1/5 of the healthy seedlings might
be utilized for further experiments. Flores and Sgrignoli
(1991) staged that roughly 30% of embryos might eventu-
ally turned into fully developed seedlings. Another study
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indicated that less than 20% of the germinated embryos in
T. mairei could develop fully (Chang and Yang 1996; Davar-
panah et al. 2014).

In the present research, three different growth stages of
T. baccata seedlings were exhibited (Fig. 5). Among the
stages, the proportion of fully developed stage (fully devel-
oped seedling index) was the most noteworthy indicator. The
overall development of seedlings was that the fully devel-
oped seedling index initially increased with the growth of
seedlings and reached the highest value at 2 w (Fig. 5).
Then, the fully developed seedling index began to decline
and eventually attained stability. The fully developed seed-
ling index at 2 w was almost twice as high as that at 8 w
(Fig. 5). The decline of fully developed seedling index may
be attributed to the browning induced by the lack of root
development of seedlings, resulting in the reduction of fully
developed seedlings (Davarpanah et al. 2014).

There was no difference between the fully developed
seedling index from GDA-stage and R-stage seeds at 2 w
and after stabilization (at 7 w) (Fig. 5). Accordingly, if the
seedlings after 7 weeks—seedlings were larger, stronger
and have more needles (Fig. 4) are to be applied for other
experiments, seeds from both stages can be selected. The
fully developed seedling index from GDA-stage seeds, on
the other hand, gained stability at 4 w, while those from
R-stage seeds remained stable at 7 w (Fig. 5). This suggested
that the fully developed seedling index from R-stage seeds
decreased more slowly than that from GDA-stage seeds.
Consequently, if the seedlings before 7 weeks are needed,
R-stage seeds could be a superior alternative compared with
GDA-stage seeds.

Conclusion

In the current study, a successful strategy regarding in vitro
culture of isolated embryos to break the dormancy of T.
baccata seeds resulted in 100% germination rate. It is note-
worthy that not all germinated embryos turned into fully
developed seedlings. As a result, a promising and original
indicator—the fully developed seedling index—was intro-
duced to provide a deeper insight into seedlings developing
fully after germination. Collectively, the data demonstrated
that only 21 +4% of the seedlings could develop fully even-
tually. Furthermore, seed maturity had no significant influ-
ence on germination rate and ultimate fully developed seed-
ling index in present research. The fully developed seedling
index, however, from high maturity seeds decreased slower
than those from low maturity after 2 weeks. In conclusion,
these new findings should contribute to the selection of T.
baccata seeds with appropriate maturity, hence producing
seedlings. Subsequently, the seedlings will be provided for
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natural transformation to produce HRs, which can be further
cultured to increase Taxol® production.
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